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ABSTRACT 



We perform a sensitive (line confusion limited), single-side band spectral survey towards Orion KL with the IRAM 30m telescope, 
covering the following frequency ranges: 80-115.5 GHz, 130-178 GHz, and 197-281 GHz. We detect more than 14 400 spectral 
features of which 10 040 have been identified up to date and attributed to 43 different molecules, including 148 isotopologues and lines 
from vibrationally excited states. In this paper, we focus on the study of OCS, HCS + , H9CS, CS, CCS, C3S, and their isotopologues. In 
addition, we map the OCS 7=18-17 line and complete complementary observations of several OCS lines at selected positions around 
Orion IRc2 (the position selected for the survey). We report the first detection of OCS v% = 1 and V3 = 1 vibrationally excited states in 
space and the first detection of C3S in warm clouds. Most of CCS, and almost all C3S, line emission arises from the hot core indicating 
an enhancement of their abundances in warm and dense gas. Column densities and isotopic ratios have been calculated using a large 
velocity gradient (LVG) excitation and radiative transfer code (for the low density gas components) and a local thermal equilibrium 
(LTE) code (appropriate for the warm and dense hot core component), which takes into account the different cloud components known 
to exist towards Orion KL, the extended ridge, compact ridge, plateau, and hot core. The vibrational temperature derived from OCS 
vi = 1 and v 3 = 1 levels is =210 K, similar to the gas kinetic temperature in the hot core. These OCS high energy levels are probably 
pumped by absorption of IR dust photons. We derive an upper limit to the OC3S, HiCCS, HNCS, HOCS + , and NCS column densities. 
Finally, we discuss the D/H abundance ratio and infer the following isotopic abundances: I2 C/' 3 C = 45± 20, 32 S/ 34 S = 20±6, 32 S/ 33 S 
= 75±29, and 16 0/ 18 = 250±135. 

Key words. Surveys - Stars: formation - ISM: abundances - ISM: clouds - ISM: molecules - Radio lines: ISM 



1. Introduction 

Th e Orion KL (Kleinm ann-Low) cloud is the closest (=* 414 
pc, iMenten et alJ 120071) and most well studied high mass star- 
forming region in our Galaxy (see, e. g., iGenzel & Stutzkl[l989l 
for review). The prevailing chemistry of the cloud is particularly 
complex as a result of the interaction of the newly formed pro- 
tostars, outflows, and their environment. The evaporation of dust 
mantles and the high gas temperatures produce a wide variety 
of molecules in the gas phase that are resp onsible for a spec- 
tacularly prolific and intense fine s pectrum dBlake et all 119871; 
■ iBrown et all [1981 ICharnlevl fl997h . 

Near- and mid-IR subarcsecond resolution imaging and 
(sub)millimeter interferometric observations have identified the 
main sources of luminosity, heating, and dynamics in the re- 
gion. At first, IRc2 was believed to be the responsible for this 
complex environment. However, the 8-12 yum emission peak 
of IRc2 is not coincident with the the origin of the outflow(s) 
(and the Orion SiO maser origin), and its intrinsic IR luminos- 
ity (L»1000 Lo) is only a frac tion of the luminosity of the en- 
tire system dGezari et alJll998h . In addition, 3.6-22 /urn images 
indicate that IRc2 is resolved into four non self-luminous com- 
ponents. Therefore, IRc2 is not presently the powerful engine of 
Orion KL and i ts natu r e remains unclea r (jPoueados et all 1 1993L 



Shuping et all 12004 IGreenhill et all 120041) . IMenten & Rei 
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* Appendix A (online Figures) and Appendix B (online Tables) are 
only available in electronic form via http://www.edpscience.org 



(1995) identified the very embedded radio continuum source I 
(a young star with a very high luminosi t y without an infrared 
counterpart, ^10 5 L m . iGezari etai1ll998l: IGreenhill et al.ll2004 
located 0".5 south of IRc2) as the sour ce coinciding with the 
centroid of the SiO maser distribution ([Plambeck et all [2009; 
IZapata et all l2009at iGoddi et all l2009bh . Thev also detected 
the radio continuum emission of IR source n, suggesting this 
source as another precursor of the large-scale phenomena. In 
addition, iBeuther et all (|2004) detected a sub-millimeter source 
without I R and centimeter count erparts, SMA1, previously pre- 
dicted bv lde Vicente et all (12002)). which may be the sour ce driv- 
ing the high velocity outflow (Beuther& Nissenl 120081) . Thus, 
the core of Orion KL contains the compact HII regions I and 
n (in addition to BN, which was resol ved with high resolu- 
tion at 7 mm by [Rodriguez et al.l 120091) . which appear to be 
receding from a common point, an origi nally massive stellar 
system that disinteg rated ^500 years ago dGomez et all [2005; 
Zapata et al., 2009b). Finally, submm aperture synthesis line sur- 
veys pr ovided the spatial location and extent of many mo l ecular 
species ([Blake et allll996tlWright et all ll996r.lLiu et all [2002; 
Beut her et all 12005 1 ; IGoddi et aUl2009b[|piambeck et all 12009; 
Zapat a et al.U2009al) . 

The chemical complexity of Orion KL has been demon- 
strated by several line surveys per formed at differ e nt fre - 
quency ranges: 72. 2-91.1 GHz bv I.Tohansson et al.l (l984); 
215-247 GHz by ISutton et alJ (1985J); 247-263 GHz by 
Blak e et alJ (Il986h : 200.7-202.3, 203.7-205.3 and 330-360 
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GHz by Uewell et al.1 (Il989h: 70-11 5 GHz by iTurnerl (Il989h : 
257-273 GHz bv iGreaves & Whitd (Il99lh : 150- 160 GHz by 
IZiurvs & M cGonagld d!993l): 325-36 GHz by ISchilke et all 
(119971): 607-725 GHz bv lSchilke et all (l2001h: 138 - 150 G Hz by 
ILee et al.l (I20011): 1597- 1647 G Hz bv lLee & Choi J2001: 455- 
507 G Hz bv lWhite et all J200l: 795 -903 GHz bvl Comito et al.1 
(2005]); 44-188 bvlLerate et ail j2006): 486-4 92, 54 1-577 
GHz by lOlofsson et al.l (120071) and iPersson et all (120071) : and 
42.3-43.6 GHz bv lGoddi et"aiT(l2009al) . 

In spite of this large amount of data, no line confusion 
limited survey has been carried out so far with a large sin- 
gle dish telescope. We performed such a line survey towards 
Orion IRc2 with the IRAM 30-m telescope at wide frequency 
ranges (a total frequency coverage of =* 168 GHz). Our main 
goal was to obtain a deep insight into the molecular content 
and chemistry of the Orion KL, an archetype high mass star- 
forming region (SFR), and to improve our knowledge of its pre- 
vailing physical conditions. It also allows us to search for new 
molecular species and new isotopologues, as well as the rota- 
tional emission of vibrationally excited states of molecules al- 
ready known to exist in this source. Since the amount and com- 
plexity of the data is large, we divided our analysis into fam- 
ilies of molecules so that model development and discussions 
could be more focused. In this paper, we concentrate on sul- 
fur carbon chai ns, in particular carbonyl sulfide PCS (see pre- 
vious studies by [Go ldsmith & Linkdll98U lEvans II et al.ll 199 It 
IWright et all |1996[ ICharnlevI 119971). CS ("previously analyzed 
bvlHaseeawa et al|l984t iMurata et al]| 19911: IZeng & Peilll995t 
Wrig ht et al.lTl996t JJohnstone et al.1 ^PoUT ^CS dMinh et al l 
199lUGardneretal.il 1984 . HCS + . CCS. CCCS, and their iso- 



Table 1. tjmb and HPBW along the covered frequency range 



topologues. 

Column density calculations, and therefore the estimation 
of isotopic abundance ratios and molecular excitation, have im- 
proved, with respect to previous works, due to the much larger 
number of available lines, their consistent calibration across the 
explored frequency range, the up-to-date information about the 
physical properties of the region and molecular constants, and 
the use of a LVG radiative transfer code to derive reliable phys- 
ical and chemical parameters. Modeled brightness temperatures 
obtained from a fit to all observed lines have been convolved 
with the telescope beam profile, assuming a given size for each 
cloud component, to provide accurate source-averaged, and not 
beam-averaged, molecular column densities. 

After presenting the line survey (Sects. [2] and [3}, this work 
concentrates on the detection of OCS, HCS + , H 2 CS, CS, CCS, 
and CCCS lines and their analysis, as well as providing up- 
per limits to the abundance of several non-detected sulfur- 
carbon-chain bearing molecules such us OC3S, H2CCS, HNCS, 
HOCS+, and NCS (Sects. g]to 0. This is the first of a series of 
papers dedicated to the analysis of the millimeter emission from 
different molecular families towards Orion KL. 

2. Observations and data analysis 

The observations were carried out using the IRAM 30m radiote- 
lescope during September 2004 (3 mm and 1.3 mm windows), 
March 2005 (full 2 mm window), April 2005 (completion of 3 
mm and 1.3 mm windows), and January 2007 (maps and pointed 
observations at particular positions). Four SiS receivers operat- 
ing at 3, 2, and 1.3 mm were used simultaneously with image 
sideband rejections within 20-27 dB (3 mm receivers), 12-16 dB 
(2 mm receivers) and ^13 dB (1.3 mm receivers). System tem- 
peratures were in the range 100-350 K for the 3 mm receivers, 
200-500 K for the 2 mm receivers, and 200-800 K for the 1 .3 mm 



Frequency (GHz) 


Umb 


HPBW (") 


86 


0.82 


29.0 


110 


0.79 


22.0 


145 


0.74 


17.0 


170 


0.70 


14.5 


210 


0.62 


12.0 


235 


0.57 


10.5 


260 


0.52 


9.5 


279 


0.48 


9.0 



Note. -77MB and HPBW along the covered frequency range. 
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Fig. 1. The top panel shows two superimposed spectra corre- 
sponding to different frequency settings (112 500 and 112 520 
MHz). The 40 MHz displaced line is the 1 15.5 GHz CO line in 
the image side band. The bottom panel shows the final spectrum 
resulting from our procedure to eliminate the image side band 
(see text, Sect. [2]). We are confident that all lines above 0.05 K 
have frequencies correctly assigned. 



receivers, depending on the particular frequency, weather con- 
ditions, and source elevation. For frequencies in the range 172- 
178 GHz, the system temperature was significantly higher, 1000- 
4000 K, due to proximity of the atmospheric water line at 183.31 
GHz. The intensity scale was calibrated using two absorbers at 
differe nt temperatures and the atmospheric transmission model 
(ATM. ICernicharolll985l: IPardo et alJl200l . Table Q] shows the 
variation in the main beam efficiency (t]mb) and the half power 
beam width (HPBW) across the covered frequency range. The 
error beam contribution to the observed line intensities is neg- 
ligible for heavy polyatomic molecules because their emission 
originates in a compact region. However, the error beam contri- 
bution of the low-J line extended emission of abundant species 
(HCO+, HCN, CN or CS) can be significant (up to ^10-20% of 
the observed intensities at 1mm). Deriving the correct brightness 
temperature for these lines requires large-scale mapping. 

Pointing and focus were regularly checked on the nearby 
quasars 0420-014 and 0528+134. Observations were made in the 
balanced wobbler-switching mode, with a wobbling frequency 
of 0.5 Hz and a beam throw in azimuth of +240". No contami- 
nation from the off position affected our observations except for 
a marginal one at the lowest elevations (~ 25°) for molecules 
showing low J emission along the extended ridge. 

Two filter banks with 512x1 MHz channels and a correla- 
tor providing two 512 MHz bandwidths and 1.25 MHz resolu- 
tion were used as backends. We pointed towards IRc2 source 
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at 0:2000.0 = 5 h 35 m 14.5 s , d 2 m.o = -5° 22' 30.0" (J2000.0) 
corresponding to the 'survey position'. We observed two addi- 
tional positions to target both the compact ridge (o^ooo.o = 5* 
35'" 14.3 s , £20000 = -5° 22' 37.0") and the ambient molecular 
cl oud (am = 5 h 35 m 15.3 s , S2000.0 = -5° 22' 09.0"). Figure 15 
of lWrigntet ail d!996l) shows a 3 mm dust image depicting all 
positions quoted above. 

The spectra shown in all figures are in units of antenna tem- 
perature, T* A , corrected for atmospheric absorption and spillover 
losses. In spite of the good receiver image-band rejection, each 
setting was repeated at a slightly shifted frequency (10-20 MHz) 
to manually identify and remove all features arising from the 
image side band. The spectra from different frequency settings 
were used to identify all potential contaminating lines from the 
image side band. In some cases, it was impossible to eliminate 
the contribution of the image side band and we removed the sig- 
nal in those contaminated channels leaving holes in the data. The 
total frequencies blanked this way represent less than 0.5 % of 
the total frequency coverage. Figure Q] shows our procedure for 
removing the image side band lines. We removed most of the 
features above a 0.05 K threshold. 



3. The line survey 

Within the 168 GHz bandwidth covered, we detected more than 
14400 spectral features of which 10040 were already identified 
and attributed to 43 molecules, including 148 different isotopo- 
logues and vibrationally excited states. Any feature covering 
more than 3-4 channels and of intensity greater than 0.02 K is 
above 3<x and is considered to be a line in our survey. The noise 
was difficult to derive from the data because of the high density 
of lines. We computed it from the observing time and the sys- 
tem temperature. In the 2 mm and 1.3 mm windows, the features 
weaker than 0.1K have not yet been systematically analyzed, 
except when searching for isotopic species with good laboratory 
frequencies. We thus expect to considerably increase the number 
of both identified and unidentified lines. We note that the number 
of U lines was initially much larger. Identification of some iso- 
topologues of most abundant species (see below) allowed us to 
reduce the number of U-lines at a rate of ~ 500 lines per year. We 
used standard procedures to identify lines above 0.2 K including 
all possible contributions (taking into account the energy of the 
transition and the line strength) from different species. Thanks to 
the wide frequency coverage of our survey, many rotational lines 
were observed for each species, hence it is possible to estimate 
the contribution of a given molecule to the intensity of a spectral 
feature where several lines from different species are blended. 
We applied this procedu re to all our previous fi ne surveys with 
the 30m telescope (e.g JCernicharo et al. 200(3). 

As an example of the scope of this l ine su r vey in the field 
of mole cular spectroscopy. [Demvk et all d2007l). Margules et al. 
(120091) . ICarvaial et al l (120091) . and iMargules et alj d2010l) iden- 
tified more than 600, 100, 600, and 100 lines from the 13 C 
and 15 N isotopologues of CH3CH2CN, the 13 C isotopologues of 
HCOOCH 3 , and CH3OCOD, respectively. Many of the remain- 
ing U-lines are certainly due to isotopologues of other abundant 
species. 

Figures[2l|4] and|6]show the whole data set of this Orion KL 
line survey at 3 mm, 2 mm and 1.3 mm respectively. Figures[3]|5j 
and|7]show 1 GHz wide spectra as an example in each window. 
We have marked the identified features with labels (molecule 
and transition quantum numbers) and the strongest unidentified 
ones as 'U'. In each figure, the top panels display the total inten- 



sity range, while the middle and the bottom ones show different 
zoomed images of the intensity range. 

Because of the large amount of line features in the spectra, 
and to follow the most efficient strategy for the line identification 
process, we decided to proceed in steps by studying the differ- 
ent molecular families including all possible isotopologues and 
vibrationally excited states. We continue to analyze our line sur- 
vey data, which we expect to make public, with all line identifi- 
cations, by 201 1. 

In agreement with previous works, four different spectral 
cloud components are generally defined in the analysis of low 
angular resolution line surveys where different physical com- 
ponents overlap in the beam. These components a re character- 
ized by di fferent physical and chemical conditions dBlake et all 
[I987lll996l) : (i) a narrow or 'spike' (<5 km s 1 line-width) com- 
ponent at Vlsr - 9 km s _1 delineating a north-to-south extended 
ridge or ambient cloud; (ii) a compact and quiescent region, the 
compact ridge, (yrsR — 8 km s" 1 , Av ^ 3 km s~') identified for 
the first time by Johanss on et al.1 ([1984); (iii) the plateau a mix- 
ture of outflows, shocks, and interactions with the ambient cloud 
(vlsr — 6-10 km s _1 , Av >25 km s~'); (iv) a hot core component 
(vlsj? — 3 -5 km s" 1 , Av <10- 15 kms" 1 ) first detected in ammonia 
emission iMorris etalJ fl980). Tabled gives the physical param- 
eters that we obtained for each component from the modeling 
of the OCS, HCS + , H 2 CS, CS, CCS, and CCCS line emission 
(Sect. [5]). The assumption of a single gas temperature and den- 
sity for each cloud component is the greatest simplification of 
our methodology. It is clear that the source structure identified 
by much higher angular resolution interferometric observations 
is far more complex than assumed in Table [2] We attempted to 
use more complex structures using density and temperature gra- 
dients, but the comparison with the data indicate that we do not 
have enough information to fit these physical gradients, even 
when we have many lines for some species. Therefore, we fix 
the physical properties to be those given in Table [2] (values de- 
rived from our data analysis) to ensure that we have only one 
free parameter (the column density) when modeling the spec- 
tral lines. Nevertheless, our multi-source excitation and radiative 
transfer approach represents a major improvement on previous 
works based on LTE analysis. 



4. Results 

4.1. OCS 

Carbonyl sulfide (OCS) has a linear structure and, because of its 
rotational constant (B=5932.83 MHz for 16 12 C 32 S), it harbours 
up to 15 transitions per vibrational state that can be observed 
in the covered frequency range. Line detections in our survey 
include the ground vibrational state of 6 isotopologues (OCS, 
OC 34 S, OC 33 S, 13 CS, 18 OCS, 13 C 34 S), plus two vibrationally 
excited states of the main isotopologue (V2 = 1, V3 = 1). The 
last two were detected here for the first time in space. Only a 
tentative detection is presented for 17 OCS and OC 36 S because 
of the weakness of the features and/or their overlap with other 
spectral lines. 

The rotationa l constants used to derive th e line frequencies 
were taken from iGolubiatnikov et al] d2005l) (P CS), the NIST 
triatom ic molecul es database (OC 34 S an d 13 CSl l"Burenin et al.l 
d!981bl) (OC 33 S). ^urenin et alj (fl981a) (all the others OCS iso- 
topologues), and iMorino et alJ (12000) (OCS vibrationally ex- 
cited states). The OCS dipole moment Qu= .7152 D) was as- 
sumed to be that measured by Tanak a et al.l ([1985). Observed 
line parameters and intensities are given in Table [3] Figures [8] 
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Table 2. The assumed Orion KL spectral components. 



Parameter 


Extended ridge 


Compact ridge 


Plateau 


Hot core 




(ER) 


(CR) 


(P) 


(HC) 


Source diameter (") 


120 


15 


30 


10 


Offset (from IRc2) (") 





7 





2 


n(H 2 ) (cm- 3 ) 


1.0x10 s 


l.OxlO 6 


1. Ox 10 s 


5.0xl0 7 


T*(K) 


60 


110 


125 


225 


&Vfwhm (kms" 1 ) 


4 


4 


25 


10 


Vlsr (km S" 1 ) 


9 


7.5 


6 


5.5 



Note. -Obtained physical parameters for Orion KL. 
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Fig. 2. Molecular line survey of Orion KL at 3 mm. The top panel shows the total intensity scale; the middle and the bottom panels 
show a zoom of the total intensity. A Vlsr of 9 km s~' is assumed. 



IA.ll andl9lshow the lines that are not blended with features from 
other species and our best-fit-model line profiles (see Sect. 15. U . 
The line profiles and intensities show the contribution from the 
extended and compact molecular ridges, the plateau, and the hot 
core. In previous line surveys, the extended ridge component was 
discarded as a significant source of OCS line emission. However, 
we include it here as a requirement to reproduce the observed 
intensities from J — 7 - 6 up to / = 23 - 22 (main and rare iso- 
topologues). 

To constrain the model more tightly, and determine the spa- 
tial distribution of the OCS line emission, we obtained a map 
of the OCS 7=18-17 line and performed sensitive observations 
of several lines at selected positions around Orion IRc2. Figure 
IA.2I shows the observed line profiles and integrated line inten- 



sity spatial distribution. Figure \TU\ shows the line emission for 
different velocity ranges. 

The maximum integrated intensity lies approximately 3" 
southwest of IRc2 (see Fig. IA.2I ) and is a mixture of compact 
ridge and hot core co mponents, in agreem ent with the spatial 
distribution found by Wright et al. (1996). The velocity struc- 
ture of the OCS emission depicted in Fig.fTTJlshows all the cloud 
spectral components discussed above. The spatial distribution of 
the red wing (v^sr -15-20 km s~') of the 7=18-17 line emission 
is particularly interesting. It traces an elliptical expanding shell 
of gas around IRc2, the low-velocity outflow. The front of the 
shell is traced by the emission at velocities from -10 to -1 km s~' 
(blue wing), while the red part of the shell appears at 20-25 km 
s '. 
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Fig. 3. Example of Orion's KL survey at 3 mm with 1 GHz bandwidth. The top panel shows the total intensity scale; the middle and 
the bottom panels show a zoom of the total intensity. Detected molecules are marked with labels and some unidentified features are 
marked as U. 

Table 4. OCS velocity components from Gaussian fits. 



Species/ 




Ridge 






Plateau 






Hot core 




Transition 


Vlsr (km s ') 


Av (km s" 1 ) 


THK) 


Vlsr (km s ') 


Av (km s" 1 ) 




Vlsr (km s 


') Av(kms-') 


T1(K) 


OCS 7-6 


7.83+0.04 


5.34±0.09 


2.30 


5.9±0.3 


26.3±0.6 


0.49 


5.6±0.2 


12.5±0.3 


1.02 


OCS 8-7 


8.00±0.03 


4.81±0.05 


3.56 


6.59±0.07 


25.8+0.4 


0.85 


5.16±0.04 


11.7±0.2 


1.68 


OCS 9-8 


7.85±0.02 


4.75±0.05 


3.85 


6.1±0.2 


25.8+0.5 


1.08 


5.41±0.13 


11.73±0.06 


2.29 


OCS 11-10 


8.04±0.13 


4.8±0.3 


4.36 


6.76+0.11 


25.8±1.2 


1.80 


4.5±0.3 


9.0±0.7 


2.53 


OCS 12-11 


8.13±0.03 


4.05±0.04 


6.63 


6.4±0.2 


23.3+0.3 


3.29 


5.42±0.08 


9.49±0.08 


2.82 


OCS 13-12 


7.76±0.07 


5.1±0.2 


5.32 


5.9±0.4 


25.8±1.5 


2.67 


5.0±0.2 


9.9±0.8 


4.16 


OCS 14-13 


7.81'±0.06 


4.6±0.3 


3.70 














OCS 17-16 


8.0+0.2 


5.8±0.6 


4.18 


6.0±0.3 


28.6+1.0 


2.83 


4.3±0.4 


8.8±0.3 


5.83 


OCS 18-17 


7.77+0.10 


5.60±0.15 


4.47 


5.7±0.3 


25.8+0.8 


3.06 


3.71±0.12 


8.05±0.08 


4.77 


OCS 19-18 


8.0+0.3 


4.9±0.3 


3.57 


5.0±0.3 


24.1 + 1.2 


4.39 


4.66±0.14 


8.1±0.6 


6.14 


OCS 20-19 


7.83+0.12 


4.8±0.4 


3.24 


6.2±0.3 


31.2+1.2 


2.75 


4.3±0.4 


10.2±0.6 


5.10 


OCS 21-20 


7.9±0.2 


6.5±0.3 


4.68 


3.7 2 ±0.8 


28.0+2.2 


1.46 


3.72±0.09 


14.0±1.5 


2.99 2 


OCS 23-22 


8.1±0.2 


5.5±0.4 


4.34 


3.2 2 ±0.3 


21.6+1.3 


3.09 


3.9±0.4 


7.7±0.9 


2.62 2 



Note.-v LA 7i, Av and T' A of the OCS lines shown in Fig.[8](see text, Sect. l4.lt derived from three Gaussian fits. 

1 Due to line overlap only the ridge component can be fitted. 

2 Although the line is clearly present, the derived parameters are biased by the presence of nearby lines from other species. 



The observed lines at selected positions are shown in Fig.fTTl 
Altogether, these data allow u s to study the hot cor e, the compact 
ridge, and the extended ridge. ISutton et al.l {l995) also observed 
the OCS 7=28-27 line at different positions. OCS line intensi- 
ties are clearly brighter towards the compact ridge position than 
towards IRc2 (hot core). The antenna temperature measured to- 



wards the extended ridge position is ^ 1 K; however, the ex- 
tended ridge contribution towards IRc2 should be larger to ex- 
plain the data (see Sect. 15. U . 

Table [4] gives the parameters of the OCS lines derived by 
fitting Gaussian profiles to all velocity components with the 



6 B. Tercero et al.: Survey towards Orion KL: sulfur carbon chains 



, j.i, ijijll ill ildi.il i. .ilitk. 


1 

■J. Il.J. 


i„,l,.jj, l.lJ.i 111. . 


Ill 


Lu.m 1. lhLJi.Uj.tlJ.il .LlllL. i.J Hi , .1 


..ill 


2mm 
.Jku.il! LiiXi .... Li 


i 1 

.1 L,JjuiiL..k. 


l„i 


,1 ill l.! 







1.3 10 5 1.35 10 5 1.4 10 5 1.45 1 5 1.5 1 5 1.55 1 5 1.6 1 5 1.65 1 5 1.7 1 5 1.75 1 5 




1.3 10 5 1.35 10 5 1.4 10 5 1.45 1 5 1.5 1 5 1.55 1 5 1.6 1 5 1.65 1 5 1.7 1 5 1.75 1 5 

Frequency (MHz) 
Fig. 4. Molecular line survey of Orion KL at 2 mm presented similarly to Fig. [2] 



CLASS softwar^J The \lsr velocities derived for the hot core 
vary between 3.3 km s _! to 5.6 km s _1 due to the overlap with the 
other velocity components, in particular in the blueshifted wing 
of the line profile (see Fig. [8). Table IB. fl only available online, 
gives the parameters of the observed lines of the most abundant 
isotopologues (OC 34 S, OC 33 S, and 13 CS) and vibrationally ex- 
cited OCS (v2=l). Since these lines are much weaker than those 
of OCS v=0, only a single velocity component has been fitted. 
Because of either their weakness or heavy blending, the analysis 
of the other OCS isotopologues and of OCS V3=l is not possible. 
We note that the line parameters for OCS V2=l match those of 
the hot core component. This behavior is as expected since the 
energy of the V2=l vibrational level is 749 K, which is populated 
for the warmest gas component. 

4.2. HCS + 

Four transitions of thioformyl cation (HCS + ) were detected in 
the covered frequency range. Line frequencies and observational 
parameters are given in Table IB. 2"! only available online, which 
contains the following information: Column 1 gives the observed 
(centroid) radial velocities, Col. 2 the peak line temperature, Col. 
3 the integrated line intensity, Col. 4 the quantum numbers, Col. 
5 the assumed rest frequencies, Col. 6 the energy of the upper 
level, and Col. 7 the line strength. Rotational constants were 
derive d from the rotational lines reported by Margule s et al.l 
(2003). The adopted dipole moment, ji = 1.958 D, is taken from 



Bots chwina & Sabaldl (fT985). Line profiles and our best-fit mod- 
els (see Sect. 15.21 ) are shown in Fig. IA.3l 

The HCS + line profiles display the four Orion's spectra com- 
ponents. In this case, the contribution of the extended ridge com- 
ponent is very weak (see Sect. 15.21 ). 

4.3. H 2 CS 

We detected several transitions of thioformaldehyde (45 transi- 
tions of ortho and para states). We also detected H2C 34 S, H2 13 CS 
(both p- and o- states) and HDCS isotopologues. 

Line parameters are given in Table IB. 31 only available on- 
line, which contains the following information: Column 1 indi- 
cates the isotopologue or the vibrational state, Col. 2 gives the 
observed (centroid) radial velocities, Col. 3 the peak line tem- 
perature, Col. 4 the integrated line intensity, Col. 5 the quan- 
tum numbers, Col. 6 the assumed rest frequencies, Col. 7 the en- 
ergy of the upper level, and Col. 8 the line strength. Figure s lA4l 
IA.5IIA.6l and lA.7l show the lines that are not blended with other 
species and our best-fit model (see Sect. 15.31 ). The rotational 
constants used to derive the l ine frequencies wer e taken from 
the CDMS Catalog for H 2 CS (iMaeda et al.ll2008l) and H 2 13 CS. 
The H2CS dipole m oment, fi- 1.649 ID, is the one measured by 
iFabricant etaD (Il977l) . For H 2 C 34 S (ortho and para) and HDCS, 
the line parameters wer e fitted from all rotational lines reported 
bv lMinowa et al.l d!997l) and the observed lines towards Bl dark 
cloud by Marcelino et al] (120051) . For HDCS, a small fib dipole 



1 http://www.iram.fr/IRAMFR/GILDAS 



2 iMiiller et all f200lb. iMuller et al.l J200^ 



http://www.astro.uni-koeln.de/site/vorhersagen/ 
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Fig. 5. Example of Orion's KL survey at 2 mm with 1 GHz bandwidth. The top panel shows the total intensity scale; the middle and 
the bottom panels show a zoom of the total intensity. Detected molecules are marked with labels and some unidentified lines are 
marked as U. 



moment is expected, which we assumed to be identical to that of 
HDCO. 

Line profiles and intensities indicate contributions from the 
extended ridge, compact ridge (very prominent), the plateau, and 
the hot core. 

Table IB .41 only available online, provides the parameters of 
selected lines of H2CS and its isotopologues obtained assum- 
ing Gaussian fits to the line profiles. We show only one narrow 
component fit (a blend of compact ridge, extended ridge, and 
hot core) because the wide component (plateau) cannot be fitted 
due to blending with other species. The main component contri- 
bution is the compact ridge. We note that for H2CS (ortho and 
para), Vlsr, and Av tend to values similar to these of the hot core 
when the K fl quantum number increases. 

4.4. CS 

Three transitions (J = 2-1, 3-2, 5-4) of carbon monosulfide sub- 
stitutions C 32 S, C 34 S, and C 33 S along with four lines of 13 CS 
and 13 C 34 S (7 = 2-1, 3-2, 5-4, 6-5) were detected. For C 36 S, 
13 C 33 S, and vibrationally excited CS (v=l), we present only ten- 
tative detections. Line frequencies and observational parame- 
ters are given in Table IB. 51 only available online, which con- 
tains the following information: Column 1 indicates the isotopo- 
logue or the vibrational state, Col. 2 gives the observed (cen- 
troid) radial velocities, Col. 3 the peak line temperature, Col. 4 
the integrated line intensity, Col. 5 the quantum numbers, Col. 
6 the assumed rest frequencies, Col. 7 the energy of the up- 



per level, and Col. 8 the line strength. Line profiles for tran- 
sitions that are not blended with other features are shown in 
Fig. IA.8l The spectrosco pic constants for CS and C 34 S are taken 
from Gott lieb et alJ (120031 those of 13 CS , C 33 S C 36 S, 13 C 34 S, 
and 13 C 33 S from lAhrens & Winnewisserf (Il998l) . and those of 
CS v=l come from Kim & Yamamotol (120031) . Dipole moments 
Qu=l f 958D for CS v=0 and //=! 9 36D for CS v=l) were taken 
from IWinnewisser & Cookl (Il968h . 

Line profiles from the most abundant isotopologues display 
the four Orion KL spectral components. At 3 mm and 2 mm, the 
ridge and the plateau emission dominate, at 1 mm the presence of 
the hot core component in the line profile is very significant. For 
the less abundant isotopologues (C 36 S, 13 C 34 S and 13 C 33 S), the 
compact ridge and hot core components are responsible for most 
of the line emission. The emission of CS vibrationally excited 
states comes mainly from the hot core component. 

Line parameters for CS, C 34 S, C 33 S, I3 CS, and 13 C 34 S are 
given in Table IB. 61 only available online. 

4.5. CCS 

The CCS radical ( 3 2 ground electronic state) has several transi- 
tions in the surveyed frequency range. Detected lines and main 
spectroscopic parameters are given in Table IB. 71 only avail- 
able online, containing the following information: Column 1 
gives the observed (centroid) radial velocities, Col. 2 the peak 
line temperature, Col. 3 the quantum numbers, Col. 4 the as- 
sumed rest frequencies, Col. 5 the energy of the upper level, and 
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Frequency (MHz) 
Fig. 6. Molecular line survey of Orion KL at 1 .3 mm presented similarly to Fig. [2] 



Col. 6 the line s t rength . Rotational constants were taken from 
Yamamot o et al.l (TT990) and the dipole moment, fi = 2.88 D, 
comes from lLed(ll997l) . Figure[T2lshows the detected transitions 
that are unaffected by line overlap. 

Owing to the line emission weakness, it is difficult to dis- 
tinguish the different spectral cloud components in the observed 
line profiles. To reproduce the line intensities (see Sect. 15. 5t . we 
assumed that the hot core component is responsible for most of 
the observed emission. However, the line velocity centroid in- 
dicates that both the extended and compac t ridge components 
also c ontribute at the observed emission. IZiurvs & McGonagld 
(1993) found the same velocity components in their CCS ob- 
served lines (one detected and two tentative). The much lower 
abundances of CCS isotopologues and of vibrationally excited 
CCS prevent us from detecting any of their transitions above the 
line confusion limit. 



4.6. C 3 S 

Previously, C3S h as been observed in cold dark clouds 
(Kaif uet all [1 987) and in the envelopes o f C-rich AGB stars 
dCernicharo et all 1 1987ah iBell et all[l993l) . ISutton et all d!995l) 
found a possible spectral line towards Orion hot core and com- 
pact ridge positions, but its identification as the C3S 7=58-57 
line was discarded because of the high energy level (475 K). 

We report the first detection of C3S in warm clouds. We 
clearly identified 17 of the 29 rotational transitions covered in 
the survey. The remaining transitions are blended with lines of 
other species. Figure fT~3l shows several C3S detected lines. Line 



parameters are given in Table IB. 81 which is only available on- 
line, containing the following information: Column 1 gives the 
observed (centroid) radial velocities, Col. 2 the peak line temper- 
ature, Col. 3 the quantum numbers, Col. 4 the assumed rest fre- 
quencies, Col. 5 the energy of the upper level, a nd Col. 6 the line 
streng th. Rotational constants were taken from Yamamoto et al.l 
dl987l) and the dip ole moment (n _ 3 . 704 D ) was assumed to 
be that measured bv lSuenram & Lovasl d!994l) . The line centroid 
velocity indicates that the emission mainly arises from the hot 
core. As for CCS, we could not detect any C3S isotopologues or 
vibrationally excited states. 



5. Determination of column densities 

For all detected species column densities were calculated us- 
ing an excitation and radiative transfer code developed by J. 
Cernicharo (Cernicharo 2010, in preparation). Depending on ei- 
ther the selected molecule or physical conditions, we followed 
either a LVG dSobolevll 19581: ISobolevl[T960l) or LTE approach. 
For each cloud component, we assumed uniform physical con- 
ditions for the kinetic temperature, density, radial velocity, and 
line width (Table[2]i. We adopted these values from the data anal- 
ysis (Gaussian fits and an attempt to simulate the line widths and 
intensities with LTE and LVG codes) as representative param- 
eters for the different species. When a change in these values 
was required (e. g. C3S analysis), we indicate this in the text. 
Our modeling technique also takes into account the size of each 
component and its offset position with respect IRc2. Corrections 
for beam dilution were applied to each line depending on their 
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Fig. 7. Example of the Orion KL survey at 1 .3 mm with 1 GHz bandwidth. The top panel shows the total intensity scale; the middle 
and the bottom panels show a zoom of the total intensity. Detected molecules are labeled and some unidentified lines are marked as 
U. 



frequency. The only free parameter is therefore the column den- 
sity of the corresponding observed species. Taking into account 
the compact nature of most cloud components, the contribution 
from the error beam is negligible except for the extended ridge, 
which has a small contribution for all observed lines. 

In addition to line opacity effects, other sources of uncer- 
tainty are related to the following: 

- Adopting uniform physical conditions assumes that the 
physical structure of the cloud is simplified. However, pa- 
rameters such as the size, kinetic temperature, and density 
gradients of the different components of the cloud are diffi- 
cult to assess from low resolution single-dish observations. 
This problem can be partially overcome by analyzing many 
different molecular species and transitions covering a broad 
range of excitation conditions, as allowed by our line survey. 

- The angular resolution of any single-dish line survey is mod- 
est. Therefore, the emission from different physical compo- 
nents is usually blended and cannot be separated. However, 
important efforts have been made to separate them spectrally 
thanks to the availability of a large number of lines from dif- 
ferent isotopologues and vibrational states (different opacity 
regimes) and a wide frequency range (different source cou- 
pling regimes). 

- Pointing errors, as small as 2", could introduce important 
changes in the contribution from each cloud component to 
the observed line profiles, especially at 1.3 mm. However, 
the modeled and observed line profiles never differ by more 



than 20%, which is compatible with the absolute calibration 
error of our line survey (estimated to be about 15 %). 

5.1. OCS 

Detailed multi-source LVG excitation and radiative transfer cal- 
culations were performed to fit the OCS line emission from the 
extended ridge, compact ridge, and plateau. Given the lower 
density in these components (similar or lower than the criti- 
cal densities of the observed OCS transitions), the OCS level 
populations should be far from LTE, thus the LVG calcula- 
tion is much more appropriately adapted to interpreting the data 
correctly. Collisional cro ss-sections of OCS-H2 are taken from 
iGreen & Chapman] d!978f) . which were calculated for tempera- 
tures in the range 10-100 K including levels up to 7=13. In ad- 
dition, we included levels up to J-40 in our models. Collisional 
rates for J> 1 3 levels were derived using the energy sudden ap- 
proximation (Gold flam et all 1 19771) and using the cr (0 -> /; 
7<13) rates. The LTE approximation was assumed for both the 
hot core and vibrationally excited OCS. For OCS V2-I and OCS 
V3=l, we changed the velocity width parameter for the hot core 
component (Av = 5 km s -1 ) with respect to the value given in 
Table|2]to provide a closer accurate fit to the line profiles. 

The beam coupling strongly affects the observed OCS lines 
in the different frequency ranges. At 1.3 mm, HPBW - 10", we 
lose most of the compact ridge emission when pointing to IRc2. 
Moreover, the different gas components are not always centered 
on the beam. Our model takes into account all these spatial struc- 
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ture effects. As an example, Fig. [TOl shows the OCS emission at 
different cloud positions, with the result that at velocities of be- 
tween 7 and 11 km s , the OCS emission peak is out side the 
telescope beam at 1.3 mm. 

Although the relat ively low dipole moment of OCS (0.715 
D. iTanaka et all 1 19851) helps to keep these lines optically thin, 
some of them, especially at the higher end of the explored 
J range, may be optically thick dZiurvs & McGonagleL 1 19931: 



ISchilke et all Il997l) . The opacities were taken into account by 
the LVG and LTE codes. However, both LVG and LTE approxi- 
mations are more appropriate for optically thin emission; hence, 
the column density for the main isotopologue obtained with our 
LVG or LTE calculations should be considered as a lower limit. 
The derived column densities from the lines shown in Figs. [8] 
IA.1I and [9] are given in Table [5] We also derived the column 
density of OCS indirectly by means of the column density of 
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Fig. 9. Observed lines (offseted histogram) and model (thin curves) of OCS v 2 = 1 and OCS V3 = 1. A Vlsr of 9 km s _1 is assumed. 



its less abundant isotopologues to assess the line opacity effect 
(OC 34 S and 13 CS assuming isotopic abundances of 32 S/ 34 S=20 
and 12 C/ 13 C=45; the adopted isotopic abundances are an average 
of the values obtained in this work, see Sect. Owing to the 
low intensity of the lines belonging to these other less abundant 
isotopologues, implying larger overlap problems, we can only 
get upper limits for their column density. We estimate the uncer- 
tainty to be in the range 20-30 % for the results of OCS, 13 CS, 
OC 34 S, and OCS v 2 = 1 and around 50 % for OC 33 S, 18 OCS, 
and OCS V3 = 1. 

The OCS column density derived from the isotopologue 
emission in the compact ridge and the hot core is four times 
higher than the column densities obtained from the lines of the 
main isotopologue. It appears that the OCS lines emerging from 
the hot core and the compact ridge are saturated, this inconsis- 
tent with the optical depth estimation of lSchilke et al.l d 19971) for 
the 29-28 transition of OCS (r=3.5 assuming 32 S/ 34 S = 22.5). 
For the plateau and the extended ridge, we obtained similar col- 
umn densities using both methods indicating that the OCS main 
isotopologue emission towards these components is optically 
thin. 



The component with the highest OCS column density corre- 
sponds to the hot core with N(OCS)hot core - (5+l)xl0 16 cm 4 . 
In addition, to obtain a good fit to the line profiles we need 
to add a contribution from the extended ridge component of 
N(OCS)extended ridge =(2.4+0.5)xl0 15 cirT 2 . However, the anal- 
ysis of the emission from positions in the extended ridge far 
away from IRc2 (see Fig.fTTTi implies a much lower column den- 
sity, N(OCS) extended ridge position = (2.0+0.5)xl0 14 cnr 2 . Hence, 
it appears that the extended ridge also undergoes either a vol- 
ume density increase or an OCS abundance increase in the di- 
rection of the hot core. Otherwise, the strong emission emerg- 
ing from the hot core may affect the excitation of the OCS 
energy levels in the extended ridge (radi ative scattering, see 
the H CO + and HCN cases discussed bv | Cernicharo & Guelin 
1 19871 and iGonzalez-Alfonso & Cernicharolll993l) . Our results 
infer OCS column densit ies more than ten times higher than 
in many previous studies dJohansson et all Il984t iTurneii 11991b 
Blak e et a"D.ll987l) . These works provided beam-average column 
densities and do not address the determination of the column 
densi ty for each cloud c omponent. The beam-averaged results 
from Sutton et al. ( 1995) can be converted into source-averaged 
column densities after multiplying by the beam dilution factor 
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Fig. 10. OCS J — 18-17 integrated line intensity maps at different velocity ranges (indicated at the top of each panel). The integrated 
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Table 5. Column densities - OCS 



Species 






Extended ridge 
Nx\0 [5 (cm- 2 ) 


Compact ridge 
N xlO 15 (cm" 2 ) 


Plateau 

N xlO 15 (cm" 2 ) 


Hot core 

N xlO 15 (cm- 2 ) 


OCS 






2.0±0.5 


3.0+0.8 


7.5+1.9 


15+4 


OCS assuming 


32 S/ 34 S= 


20 


2.0+0.5 


14+4 


10+3 


60+15 


OCS assuming 


12 c/ 13 c 


=45 


2.7+0.5 


18+4 


13.5+3 


45+9 


OCS (average) 






2.4+0.5 


16+4 


11.8+3 


53+10 


OC 34 S 






0.15+0.03 


0.70+0.18 


0.50+0.13 


3.0+0.8 


OC 33 S 






0.050+0.025 


0.090+0.045 


0.10+0.05 


0.30+0.15 


o 13 cs 






0.060+0.015 


0.40+0.10 


0.30+0.08 


1.0+0.3 


18 ocs 






0.010+0.005 


0.070+0.035 


0.030+0.015 


0.10+0.05 


o I3 c 34 s 






£0.010 


<0.050 


<0.050 


<0.070 


"OCS 






<0.005 


<0.020 


<0.010 


<0.020 


OC 36 S 






<0.005 


<0.030 


<0.020 


<0.030 


OCS vi = 1 












1.5+0.4 


OCS v, = 1 












0.15+0.07 



Note.-Column densities for the different OCS isotopologues and OCS vibrationally excited derived from our model of the different Orion's 
components (see text, Sect. l5.lt . 



3 for the hot core component, assuming d/ ]of eore =10" and 
FWHM jcmt — 1 3 .7 " at the observed frequencies). We note that 
ISutton et al.l (Q995) found a c orrected-source-aver aged column 
density of ^3xl0 16 cm 2 and Pe rsson et al.l (120071) estimated a 
source-average column density of ^1.7xl0 16 cirr 2 both for the 
hot core position whose values are 2 and 3 times lower than our 
result, respectively. These values compare well with our mea- 
surement above. 



We estimated a difference varying from 5% to 15%, depend- 
ing on the molecule, between LTE or LVG (for molecules having 
collisional rates available) results. 



5.2. HCS + 

We determine t he HCS + column density using collisional rates 
HCS + -He from lMonteirol (1 1984 . 

To reproduce the line profiles more accurately, we changed 
the \lsr of the compact ridge given in Table [2] adopting vlsr 
= 9 km s . The modeled lines are shown in Fig. IA.3I (thin 
curves). We obtain the following column densities: (5+2)xl0 13 , 
(5+l)xl0 13 , (8±2)xl0 13 , and (1.0+0.3)xl0 12 cirr 2 for the hot 
core, plateau, compact ridge, and extended ridge, respectively. 
To reproduce the 3 mm line of HCS + , we had to significantly 
reduce the extended ridge column density with respect to the 
values of the other components. The HCS + column density to- 
wards the hot core has to be considered with caution because of 
its weak line emission contribution. 
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Fig. 11. Some lines of OCS, OC 34 S and 13 CS observed all different positions which correspond with different components of 
Orion KL. A Vlsr of 9 km s _1 is assumed. 



Based on the observed values of Vlsr (— 9 km s ) and averaged column densities of A^(HCS + ) 



6xl0 13 cm 2 for the 



Av 4 km s ) and the reduced fractional ionizatio n in th e extended ridge andA^(HCS + ) 10 cm for the remaining po 



high density gas [Johansson et all d!984l) . iBlake et al] 0986), 
and ISchilke et alj d 19971) exclusively attributed the emission 
of this molecule to the extended ridge. These first two sets 
of authors repor t ed be am-average column densities of 4xl0 13 



dJohansson et all 1 1984 and 1.6xl0 13 cm 2 (Bla ke et al.Lll986h . 



ISutton et al.l (1 19951) found emission of HCS + from the five po- 
sitions of their survey (extended ridge, hot core, compact ridge, 
northwest plateau, and southeast plateau); they obtained beam- 



iN(l 

sitions. Schilke "et al.l ( 120011) found a questionable assignment of 
HCS + 7=16-15 (E up = 278.5 K, emission coming from the hot 
core). 

To compare the abundances of different molecular ions, 
we calculated the column density of H 13 CO + , assuming the 
same physical conditions we adopted for HCS + . As a total col- 
umn density (sum of all components), we derive jV(H 13 CO + ) 
= 5.3xl0 13 cm 2 ; considering an isotopic abundance 12 C/ 13 C 
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Fig. 12. Observed lines (offseted histogram) and model (thin curves) of CCS. A Vlsr of 9 km s _1 is assumed. 



= 45 (see Sect, gj, we obtai n AT(HCO + )/jV(HCS + ) ^ 13. A 
similar value was given by iJohansson et al.l ( 1984) (in the 
extended ridge component), whereas Bla ke et alj Q 1986) ob- 
tained jV(HCO + )/JV(HCS + ) = 94 (the H 13 CO + line was strongly 
blended with HCOOCH3 and its IV was estimated by subtract- 
ing the contribution of methyl formate from the overall emis- 
sion). Assuming that the main production and destruction mech- 
anisms for HCO + and HCS + are the reaction of H3 + with CO and 
CS and the dissociative recombination of HCO + and HCS + with 
electrons, we deduce that in chemical equilibrium N(CS)/N(CO) 
= 1.5xlQ- 3 xrMHCS + VMHCO + )l a 1.5xl(T 4 (see Sect.Ejfor 
the obtained CO/CS abundance ratio). 



ily responsible for the line emission from transitions with K fl >3. 
Our colum n density results agree with those obtained in previ- 
ous studies dSchilke et alJl997tlSutton et al Jl 1 995h iTurnerl 1 99 lb 



iBlake et alJll987lilSutton et alJll985h . 



Since we derived the ortho- and para- H2CS column den- 
sities independently, we also computed the ortho-to-para ratios 
of this molecule for the different components (Table [7]). The 
hottest, densest component (hot core) has an ortho-to-para ratio 
1.8+0.7, whereas the extended ridge (the coldest, least dense 
component) has a ratio ^3+1. Taking into account the uncer- 
tainties in these ratios, we conclude that the ratio is compatible 
with the statistical weight of 3. 



5.3. H 2 CS 

Owing to the lack of collisional rates for this molecule, we as- 
sumed LTE excitation in the H2CS column density calculations. 
Figures IA.4I IA.5I IA.6I and IA.7I show the modeled line profiles 
(thin curves) for selected lines of H 2 CS, H 2 C 34 S, H 2 13 CS, and 
HDCS. Results are given in Table|6] The higher column densities 
correspond to the the compact ridge and the hot core component 
(1.5xl0 15 and 1.6xl0 15 , respectively). The hot core is primar- 



Assuming the same hypothesis than for H 2 CS, we derived a 
H 2 13 CO column density of 1.2 x 10 15 cirT 2 (sum of all compo- 
nents). Adopting the isotopic abundance 12 C/ 13 C = 45 (see Sect. 
01, we derive jV(H 2 CO)/N(H 2 CS) 12, very close to the ratio 
N(UCO + )/N(UCS + ) calculated in the previous section. Unlike 
H 2 CO, for which efficient gas-phase synthetic pathways have 
been studied in the laboratory, analogous reactions that might 
form thioform aldehyde do not oc c ur. As an example, the chem- 
ical model of iNom ura & Millar (2004) cannot reproduce, by 
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Fig. 13. Observed lines (offseted histogram) and model (thin curves) of C3S. A Vlsr of 9 km s 1 is assumed. 
Table 6. Column densities - H2CS 



Species 


Extended ridge 


Compact ridge 


Plateau 


Hot core 




N xlO 14 (cm- 2 ) 


JVxlO 14 (cm" 2 ) 


N xlO 14 (cm" 2 ) 


N xlO 14 (cm" 2 ) 


o-H 2 CS 


4±1 


10+3 


7±2 


10+3 


p-H 2 CS 


1.5±0.4 


5±1 


3.0±0.8 


6+2 


o-H 2 C 34 S 


0.20+0.05 


0.40±0.10 


0.20+0.05 


0.7+0.2 


p-H 2 C 34 S 


0.07+0.02 


0.20±0.05 


0.08+0.02 


0.35+0.09 


o-H 2 "CS 


0.10+0.03 


0.20+0.05 


0.15+0.04 


0.50+0.13 


p-H 2 13 CS 


0.035±0.009 


0.10±0.03 


0.065+0.016 


0.30+0.08 


HDCS 


0.40+0.10 


0.60±0.15 


0.40+0.10 


0.8+0.2 


o-D 2 CS 


$0.10 


<0.20 


£0.10 


<0.40 


p-D 2 CS 


<0.050 


£0.10 


<0.050 


<0.20 



Note.-Modeled column densities for the different H 2 CS isotopologues (see text, Sect. 15. 3t . 
Table 7. Ortho/Para ratios - H 2 CS 



Ratio 


Extended ridge 


Compact ridge 


Plateau 


Hot core 


o-H 2 CS/p-H 2 CS 


2.6+0.7 


2.0+0.7 


2.3+0.9 


1.7+0.7 


o-H 2 C 34 S/p-H 2 C 34 S 


3+1 


2.0+0.7 


2.5+0.9 


2.0+0.8 


o-H 2 13 CS/p-H, 13 CS 


3+1 


2.0+0.8 


2.3+0.8 


1.7+0.6 



Note. -Ortho/Para ratios for the different H 2 CS isotopologues (see text, Sect. l5.3l l. 



several order of magnitudes, the observed A^(H2CO)/A^(H2CS) 
abundance ratio in hot cores. 

5.4. CS 

Our CS co lumn densities were derive d using collisional CS-H2 
rates from lLique & S pielfiedel (2007). They are given in Table[8] 
and the modeled line profiles are shown in Fig. IA.8I 

The CS lines are optically thick and therefore the column 
density for each cloud component may be significantly under- 
estimated. Lines from CS isotopologues are, however, optically 
thin so that we can estimate the column density of CS by as- 
suming a value for the isotopic ratios. Assuming 32 S/ 34 S = 20 
(see Sect. |6j, the column density of CS in the hot core com- 
ponent is 1.4xl0 16 cm- 2 . A value 2 times larger is obtained 
if we assume that 12 C/ 13 C = 45 (see Sect. |6}. On average, we 
obtain N(CS) ho , core =2.1xl0 16 crrr 2 . This CS column density 
is about 10-30 times larger than found in many previous stud- 



ies dBlake et all fl987t iLee et all 12001b ISchilke et all l200lt) . In 
these earlier studies, the results were be am-averaged CS co lumn 
densities derived from a LTE analysis. ISutton et al.1 d 19951) ob- 
tained a corrected-source-averaged column density of 1.5xl0 16 
cm 2 for the hot core, in agreement with both our result and the 
source -averaged CS column density obtained by Comi toet al.l 
(I2005h . 

For the less abundant isotopologues ( 13 C 33 S, C 36 S) and for 
CS vibrationally excited states, we can only derive upper limits 
due to the weakness of the lines and the large overlap with other 
features (see Fig. IA.8I bottom panels. Among the three lines of 
CS v=l, only one seems to be detected). 

The components with the largest CS column density are 
the hot core and the plateau, the latter having the larger value. 
However, in the emission of t he CS isotopologu es the hot core 
dominates (in agreement with Sch ilke et al.1 12001). 

To compare the CS and CO abundances, we calculated the 
column density of C 18 in each component. We obtain N(C li O) 
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Table 8. Column densities of CS, CS isotopologues, and CS vibrationally excited 



Species 




Extended ridge 


Compact ridge 


Plateau 


Hot core 






N xlO 15 (cm -2 ) 


N xlO 15 (cm -2 ) 


N xlO 15 (cm -2 ) 


N xlO 15 (cm -2 ) 


CS assuming J2 S/ j4 S= 


=20 


0.60±0.15 


8+2 


2.0+0.5 


14+4 


CS assuming 12 C/ 13 C 


=45 


0.9±0.2 


7+1 


2.7+0.5 


27+5 


CS (Average) 




0.8±0.2 


8+2 


2.4+0.5 


21+5 


C 34 S 




0.030+0.008 


0.40+0.10 


0.10+0.03 


0.70+0.18 


c 33 s 




0.005+0.001 


0.10+0.03 


0.050+0.013 


0.40+0.10 


l3 CS 




0.020+0.005 


0.15+0.04 


0.060+0.015 


0.60+0.15 


13 C 34 S 






0.025+0.006 




0.040+0.010 


13 c 33 s 






<0.007±0.002 




<0.020±0.005 


c 36 s 






<0.007±0.002 




<0.020±0.005 


CS v = 1 










<0.050±0.013 



Note.-Modeled column densities of the different CS isotopologues and CS vibrationally excited (see text, Sect. l5.4t . 



of 1.5xl0 16 , 1.5xl0 16 , lxlO 17 , and 2xl0 17 cm -2 for the ex- 
tended ridge, compact ridge, plateau, and hot core, respectively. 
We have to include a high velocity plateau component with 
Vls«=10 and Av=55 km s -1 and a column density of 5xl0 16 
cm -2 to reproduce the line profiles. Assuming the isotopic abun- 
dance I6 O/ 18 O=250 (see Sect. we determine the column 
density of CO in each component to be 3.75xl0 18 , 3.75xl0 18 , 
2.5xl0 19 , 5.0xl0 19 , and 1.25xl0 19 for the extended ridge, com- 
pact ridge, plateau, hot core, and high velocity plateau, re- 
spectively. Therefore, the corresponding N(CS)/N(CO) ratio is 
2.0xl0 -4 , 2.0xl0 -3 , l.OxlO -4 , and 4.1xl0 -4 for the extended 
ridge, the compact ridge, the plateau, and the hot core, respec- 
tively. In all cases, this ratio is in good agreement with the 
N(CS)/Af(CO)^1.5xlO -4 , derived from N(HCS + )/N(HCO + ). 

When we fitted the line emission of CS, we found that it 
was difficult to distinguish the contribution of the high velocity 
plateau to the line profiles from those of the other components. 
Assuming N(CS)/N{CO) = 1.5xl0 -4 , the column density of CS 
in the high velocity plateau would be ^2.0xl0 15 (peakT^-5 K). 

5.5. CCS 

Collisional cr oss-sections of CCS-H? w ere extrapolated from 
those of OCS dGreen & Chapman!, 1 19781) using the IPS approx- 
imation for a 3 £ molecul e (see ICorevlll984 ICorev & McCouri 
1984L iFuente et al.lll990t) . In this case, we changed the veloc- 
ity parameters for the hot core component with respect to the 
parameters given in Table [2] to reproduce the line profiles more 
accurately. The new values are Vlsr = 5 km s -1 and Av = 6 km 
s -1 . 

The modeled lines are shown in Fig. [12] (thin lines). 
The values of the column densities are: (5.0+1.3)xl0 13 , 
(7.0±1.8)xl0 12 , (2.0±0.5)xl0 12 , and (2.0±0.5)xl0 12 cm -2 for 
the hot core, the compact ridge, t he extended r idge, and the 
plateau, respectively. We note that iTurnerl d!991l) reported the 
first tentative detection of CCS in this source with a beam- 
averaged column density of 4.8xl0 12 cm -2 . 



5.6. C 3 S 

For this molecule, we considered that only the hot core com- 
ponent is responsible for the emission, hence we assume LTE 
excitation. We chose the same physical conditions for this com- 
ponent as in the CCS analysis. Figure[l3]shows the modeled line 
profiles for some selected lines, for JV(C3S) = (2.0+0.5)xl0 13 



the ratio CCS/C3S = 2.5 which is similar to the value of - 3.5 
found in the dark cloud TMC-1 bv lHirahara et all (1 19921) and the 
val ue of ^ 3 found in the env elope of the C-rich star IRC+10216 
by ICernicharo et alj d!987al) (note that we corrected this last 
value for th e dipole moment of C3S adopted in this study, 3.7 
versus 2.6 in lCernicharo et a0l987al) . 



5. 7. Non-detected CS-bearing molecules 

OC3S.- The molecule OC3S has not yet been detected in space. 
The rotatio nal constants used to derive the line frequencies were 
taken from IWinnewisser et al. | (20001). The dipole moment we 
used (ji/=0.63D) is quoted in Matthew s et alJ (Il987l) . Assuming 
the same physical conditions as those derived for OCS, we ob- 
tain an upper limit to its column density of 2x1 13 cm -2 . This 



result provides an OCS/OC3S abundance ratio larger than 100. 

H2CCS.- For this molecule, we derive d its line frequen- 
cies w ith the rotational constants given in IWinnewisser et al] 
(1980); some distortion constants were fixed to the value ob- 
tained from infrared data by McNaug htonl (Il996l). The d ipole 
moment (/i=1.02D) was taken from|Georgiou et al] (Il979l) . We 
derive an upper limit to the column density of thioketene of 
2.4xl0 14 cm -2 , which infers a H 2 CS/H 2 CCS abundance ratio 
near 20. This molecule has not yet been detected in space. 

HNCS.-Isothiocyanic acid is a pseudolinear molecule with 
a large A rotational constant, similar to that of isocyanic acid, 
HNCO. Only transitions up to Ka = 1 have been observe d 
in the interstellar medium (in SgrB2 by iFrerking et al.l|l979l) . 
However, this molecule has not yet been detected in Orion. 
ITurnerl (119911) reported a tentative detection of HNCS in Orion 
and listed five transitions as detected, but three of them were 
not reliable. Turner derived an LTE column density of 9.3 X 
10 12 cm -2 assuming T rot — 50 K based on a single transition. 
For frequ ency predictions, w e used the rotational constants pre- 
sented bv iNiedenhoffl (I 1 995l) . The a-dipole moment c omponent 
(yu a =1.64D) was mentioned in ISzalanski et al.l (119781) . We de- 
rive an upper limit to the column density of 1.1 x 10 14 cm -2 . 
iMarcelino etal] (120091) calculated N(HNCO) towards Orion KL 
from this survey, to be A^(HNCO) 9.4 x 10 15 cm -2 ; these val- 
ues imply a HNCO/HNCS ratio >85. 

HOCS + .- Sp e ctrosc opic constants are taken from 
lOhshima & Endol (1 19961) The d ipole moment (/i=1.517D) 
was calculated by IWheeler et alJ (120061) . We obtain an upper 
limit to the column density of this cation of A^(HOCS + ) < 3 
cm" 2 . Taking into account the CCS column density, we derive x 10 13 cm -2 . This result and the high column density of OCS 
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may indicate that this ion is efficientl y destroyed by d issociative 
recombination to produce OCS + H (ICharnlevill997h . 

NCS.- Thiocyanogen has not yet been detected in space. 
The rotational constants used to derive the line frequencies were 
taken from CDMS Catalog. The dipole moment (//=2.45D) is 
from an ab initio calculation by H. S. P. Miiller (unpublished). 
We derive here JV(NCS) < 7 x 10 1 



113 cm -2 



6. Isotopic abundances 

From the derived column densities for OCS, H2CS, CS, and their 
isotopologues, we can now estimate the isotopic abundance ra- 
tios. They are given in Table IB. 9l which is only available online. 
The isotopic ratios that are not discussed in the following given 
but in Table IB. 9l are consistent with the solar values (taking into 
account a factor of 2 introduced by the 12 C/ 13 C solar abundance, 
see below). 

Because of the large opacity of the OCS emission in 
the hot core and the compact ridge, we can only provide 
a lower limit to the OCS column density ratios in these 
components. In the same way, the column density ratios 
o 13 cs/o 13 c 34 s, OC 34 S/0 13 C 34 S, OCS/ 17 OCS, OCS/OC 36 S, 
13 CS/ 13 C 34 S, C 34 S/ I3 C 34 S, 13 CS/ 13 C 33 S, C 33 S/ 13 C 33 S represent 
lower limits due to the low intensity of the lines and the strong 
blending overlap with other molecular lines. From the remaining 
column density ratios of Table IB. 91 we estimated the following 
isotopic abundances: 

12 C/ 13 C: From the OCS, lines we obtained a column den- 
sity ratio of jV(OCS)/jV(0 13 CS) = 33+12 and 25±9 for the ex- 
tended ridge and the plateau, respectively. From H2CS (o- and 
p-), we obtained jV(H 2 CS)/7V(H 2 13 CS) = 42+16, 50+20, 47+18, 
and 20+9 for the extended ridge, compact ridge, plateau, and 
hot core, respectively. The values estimated with the H2CS lines 
are slightly higher (except the value for the hot core) than those 
derived from OCS, which is indicative of a low opacity in the 
OCS lines coming from the plateau and the extended ridge, and 
in the hot core emission of H2CS. We find an average value 
from our study of 12 C/ 13 C = 45 +20. Previous st u dies f ound 
that MOCS)/M Q 13 CS) g 30-40 JJohansson et al.L [1981 and 
12 C/ 13 C =s 30-40 jBlake et all 19871 who used several molecules 
-CS, CO, HCN, HNC, OCS, H 2 CO, C H^OH- to achieve ti ghter 
constraints), JV(CN)/JV( 13 CN) = 43±7 (Sav age et all 120021) . and 
jV(CH 3 OH)/jV( 13 CH 3 OH) = 57+ 14 dPersson et all 120071). The 
solar isotopic abundance of 12 C/ 13 C = 90 (lAnders & Grevessa. 
1989) is approximately a factor 2 higher than the values obtained 
in Orion. This ratio is understood to be a sensitive indicator of 
the degree of galactic chemical evolution and the solar isotope 
value r eflects conditions in the interstella r medium at an earlier 
epoch (ISavage et alJl2002HWvckoff et alJl2000h . 

32 S/ 34 S: From the values obtained of jV(OCS)/7V(OC 34 S) 
and p-/o- Af(H2CS)/7V(H2C 34 S), we estimate an average value 
32 S/ 34 S = 20±6, in agreement with the solar isotopic abun- 
dance and with previo us studies (jV(OCS)/ W(OC 34 S) - 16 by 
Uohansson et all fl98H 32 S/ 34 S * 13-16 by iBlake et all [19871 
jV( 32 SO)/7V( 34 SO) = 21+6, and jV( 32 S0 2 )/jV( 34 S0 2 ) = 23+7 by 
IPersson et aDl2007l) . 

32 S/ 33 S: From jV(OCS)/N(OC 33 S) in the extended ridge, we 
obtained a 32 S/ 33 S ratio three times lower than the solar abun- 
dance. It is possible that we overestimated the column den- 
sity of OC 33 S in the extended ridge because we had only three 
blending-free transitions to compare to the model (see Sect. 
15. U . For the plateau component, we obtained OCS/OC 33 S = 
75+29, in close agr eement with the solar isotopic abundance. 
IPersson et all ([2007) obtained 32 S/ 33 S 103-113. 



33 S/ 34 S: The 33 S/ 34 S abundance ratio is 0.22+0.10 and 
0.37+0.10 from OCS and CS resp ectively, i.e., very clo se to the 
solar values and in agreement with IPersson et alj d2007l) . 

16 0/ 18 0: This ratio was inferred from N(OCS)/iV( 18 OCS). 
The ratio ls O/ 18 obtained (250+135 for the plateau) is two 
times lower than the solar value for all the cloud components. 
However, taking into account the uncertainties in the column 
density of both the plateau and the extended ridge, we con- 
sider that the true values may be compatible with the solar 
one. Similar conclusions can be obtained from the observed 
18 OCS/OC 34 S and 18 OCS/OC 33 S abundance ratios (see Table 



D/H: We found a JV(HDCS)/jV(H 2 CS) column density ra- 
tio of 0.07+0.03, 0.040+0.012, 0.040+0.012, and 0.05+0.02 for 
the extend ed ridge, compact ridge, plateau, and hot core, re- 
spectively. [P^doetil] d2001) found a N(HDO)/N(H 2 0) abun- 
danc e ratio in the range 0.004-0.01 in the plateau component, 
and IPersson etal] ( 120071) derived 0.005, 0.001, and 0.03 for the 
large velocity plateau, the hot core, an d the compact ridge , re- 
spectively. For JV(HDCO)/N(H 2 CO), IPersson et all d2007l) de- 
rived a value of 0.01 (for the compact ridge), whereas Turned 
dl99ll) found ^0. 14 (note that this value is too high and is incom- 
patible with the H2CO column density rep orted in this work and 
by several authors, see lSutton et al.lfl995b . Water and formalde- 
hyde present its hi gher deuterium frac tionation in the compact 
ridge component. Schil ke et alj d 19921) derived the DCN/HCN 
column density ratio of 0.001 and 0.01-0.06 for the hot core 
and the rid ge region, respectively. S tudies of hot core deuterium 
chemistry feodgers & MillaA 1 19961) conclude that the D/H ra- 
tios of molecules injected from the dust mantles to the hot 
gaseous medium do not undergo significant modifications and 
should represent those of the original mantles for molecules that 
were efficiently deposited during the cold phase (such as water, 
methanol, and formaldehyde). However, H2CS is not considered 
to be a molecule deposited in the original mantles and its high 
deuteration may be caused by gas phase reactions. Very high 
deuteri um fractionation has been also found in cold molecular 
clouds dMarcelino et alJl2005llRoberts et al.|[2002l) . 

7. Vibrational temperatures 

We report the first space detection of rotational line emission 
from OCS v% = 1 and V3 = 1 vibrational levels. Given the high 
energy of these vibrational levels, the emission is dominated by 
the hot core component. From the column density obtained for 
OCS in the ground and the vibrationally excited states, we can 
estimate a vibrational temperature taking into account that 



exp 



(-fe) 



fr 



NiOCS v x ) 
N(OCS) ' 



(1) 



where E V[ is the energy of the vibrational state (E v , = 748.7 K; 
E„ 3 = 1235.9 K), T v ib is the vibrational temperature, f v is the 
vibrational partition function, N(OCS v x ) is the column density 
of the vibrational state, and A^(OCS) is the column density of 
OCS in the ground state. The vibrational partition function can 
be approximated by 



f v = l+exp(-^) + 
which, for low T v g, leads to f v 1 . 



(2) 
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From the observed lines, we obtain T,,,;, = 210+ 10 K for OCS 
V2 = 1, and T v n, = 210+60 K for OCS V3 = 1. These values are 
similar to the averaged kinetic temperature we adopted for the 
hot core component (225 K). A direct comparison of the de- 
rived T V ib for OCS with the average T* assumed for the gas in 
the hot core is difficult. Vibrational excitation is expected to de- 
pend strongly on temperature and density gradients in that re- 
gion. It is also difficult to ascertain if either IR dust photons or 
molecular collisions dominate the vibrational excitation of OCS 
given the lack of collision rates for that species. Nevertheless, 
assuming that ro-vibrati onal collision rates for OCS are similar 
to those of SiO or SiS dTobola et all l2008h . o-(v 2 =0-> 1,300 K) 
=2 10" 14 cm 3 s , we find that, even for H2 densities as high as 
10 9 cirT 3 , the net collisional rate is well below the spontaneous 
de-excitation rates from vi and V3 to the ground state. Hence, 
the population of these levels have to be mainly caused by IR 
photons from the dust. That the OCS rotational lines are nar- 
rower in vibrationally excited states than in v=0 may indicate 
that this IR pumping operates in a more compact region with a 
shallower velocity gradient. Higher angular resolution observa- 
tions are necessary to resolve any possible excitation gradient 
and temperature profile in this component. 

We also calculated the vibrational temperature for the first 
vibrationally excited state of CS (E v =i = 1830.4 K). With 
the column density results of the CS hot core component 
(2.1xl0 16 cirT 2 ) and of CS v = 1 (<5xl0 13 cirT 2 ), we obtain 
an upper limit to the vibrational temperature of ^300 K, which 
agrees with the values obtained for vibrationally excited OCS. 
However, in this case we could claim an inner and hotter emit- 
ting region for vibrationally excited CS. 

Nevertheless, since the vibrationally excited gas is not neces- 
sarily spatially coincident with the ground state gas, the derived 
vibrational temperatures have to be considered as lower limits. 



8. Discussion and conclusions 

The power of spectral line surveys at different mm and sub- 
mm wavelengths to search for new molecular species and de- 
rive the physical and ch emical structure o f molecular sources 
has been demonstrated dBlake et al.lll987t ISutton et all 119951: 
Cernicharo et alj|2000t ISchilke et alJEOOU iPardo & Cernicharol 
20071) . The main and final goal of our line survey is to provide 
a consistent set of molecular abundances derived from a system- 
atic analysis of the molecular rotational transitions. Our line sur- 
vey allows us to obtain with unprecedented sensitivity and com- 
pleteness the census of the identified and unidentified molecules 
in Orion KL. These kinds of studies are necessary to understand 
the chemical evolution of this archetypal star-forming region. 
Moreover, that many rotational transitions of the same molecule 
have been observed in different frequency ranges (the 3 mm 
window illustrates more clearly the extended ridge component, 
whereas the 1.3 mm one identifies the warmest gas at the hot 
core and along the compact ridge), provide strong observational 
constraints on the source structure, gas temperature, gas density, 
and molecular column densities. 



8. 1 . Molecular abundances 

Molecular abundances were derived using the H2 column den- 
sity calculated by means of the C I8 column density provided in 
Sect. l5.4l assuming that CO is a robust tracer of H2 and therefore 
their abundance ratio is roughly constant, ranging from CO/H2 
5xl0~ 5 (for the ridge components) to 2x1 0~ 4 (for the hot core 



and the plateau). In spite of the large uncertainty in this calcula- 
tion, we include it as a more intuitive result for the molecules de- 
scribed in the paper. We obtained N(H 2 ) = 7.5xl0 22 , 7.5xl0 22 , 
2.1xl0 23 , and 4.2xl0 23 cm -2 for the extended ridge, compact 
ridge, plateau, and hot core, respectively. In addition, we assume 
that the H2 column density spatially coincides with the emission 
from the species considered. Our estimated source average abun- 
dances for each Orion KL component are summarized in Table 
IB. 101 (only availabl e online), together wit h comparison value s 
from other authors dSutton et alJl 19951 and lPersson et al. 2 007). 
The differences between the abundances shown in Table IB. 101 
are mostly due to the different H2 column density considered, 
to the assumed cloud component of the molecular emission and 
discrepancies in the sizes of these components. 



8.2. Column density ratios 

To compare the chemistry of the different spectral cloud compo- 
nents related to sulfur-bearing carbon chains molecules, we de- 
rived the column density ratios showed in Table|9] This table also 
shows the ratios found in chemical models of hot cores, other 
results found in the literature for Orion, and other sources (the 
dark cloud TMC-1 and the hot core G327. 3-0.6). We found good 
agreem ent between our ratios and those derived bv lPersson et al.l 
(2007), both set of values corresponding to Orion KL. For the 
other molecular hot core, we noted a large difference in the ratio 
CO/CS. This discrepancy also occurs w ith the chemical models 
computed by Nomura & Millar (2004). We note that the chem- 
ical models cannot provide realistic values for the H2CO/H2CS 
column density ratio, as we have discussed in Sect. 15.31 TMC-1 
exhibits ratios very different by those of hot cores, as expected 
from their different chemical and physical conditions. 

We find N(C 34 S/OC 34 S)^0.3, 0.6, 0.2, and 0.2 in the ex- 
tended ridge, the compact ridge, the plateau, and the hot core, 
respectively. The chemi cal models for hot cores computed by 
iNomura & Mil lar (2004) infer that JV(CS)/JV(OCS) = 0.2 (at 10 4 
years). The N(CS)/N(CCS) abundance ratio is 300, 1 143, 1000, 
and 280 for the extended ridge, the compact ridge, the plateau, 
and the hot core, respectively. For the hot core, we also de- 
rive N(CS)/N(C 3 S) H ot c o «>=700. Both CCS and C 3 S have not 
been studied in the chemical models available for hot cores. 
As expected, these values are very different from those derived 
in the dark cloud T MC-1 for which MC S)/AT(CCS)=2.2 and 
N(CS)/N(C 3 S)=1.8 (Iffiraharaet al.Lll992h . However, we obtain 
7Y(C 2 S)/MC 3 S) = 2 5 , very similar to the 3.4 value derived by 
Hira hara et al.1 (1 19921) in TMC-1 (cyanopolyyne peak) and the 
va lue of ^ 3 found in the env elope of the C-rich star IRC +102 16 
bv lCernicharo et all (Il987al) . 

This is a surprising result because CCS is considered to be 
a typical molecule in cold dark clouds. Moreover, C3S is found 
only in the hot core, which is indicative of an enhancement in the 
production of CCS and C3S in the warm and dense gas. Although 
spectral confusion is large when observing weak lines such as 
those of C3S, thanks to our survey, we detected 17 lines. They 
cover from the J=14-13 (E 1(/) =29.1 K with V/,j/;=4.2 kms -1 ) up 
to J =47-46 (E Bp =313 K with v LSS =4.2 kms" 1 ), thus, we are fully 
confident in its detection. In addition, the observed velocities 
correspond definitively to the hot core. 

Our results indicate that C3S is efficiently formed in warm re- 
gions. That the C2S/C3S abundance ratio is similar to that of dark 
clouds or evolved stars may indicate that these species formed 
in the gas phase. Gas phase chemical models predict C2S/C3S 
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Table 9. Column density ratios 



Column 




This 


work 






(i) 


(i) 


CD 


Dark clouds 


Hot core 


Density ratio 


ER 


CR 


P 


HC 


Total 


A 


B 




(TMC1) 


G327. 3-0.6 


OCS/CS 


3 


2 


5 


2 


3 


5 


13 


6(HC) 


0.5 


<4 


CS/HCS + 


7700 


100 


50 


420 


180 


1000 


270 




10 




CS/H 2 CS 


14 


50 


2 


12 


7 


25 


8 


4(CR) 


6 


> 5 


CS/CCS 


4000 


1100 


1200 


420 


530 








0.5 


325 


CS/C 3 S 








1050 


1050 








4 




CCS/C 3 S 








2.5 


2.5 








8 




co/cs 


5000 


500 


10000 


2500 


2800 


66700 


133300 


2400(P) 


20000 


26200 (3) 


HCO + /HCS + 


270 


4 


9 


27 


13 


12 


10 




20 




H 2 CO/H 2 CS 


12 


8 


18 


11 


12 


6250 


1250 


15(CR) 


71 


> 3 



(1) :| Nomura&M illar (2004) 

(2) : IPersson et aij 72007 ) 

< 3) : assuming 16 0/ 17 = 2625 

Note.-Derived column density ratios and comparison with other works and sources. Column 1 gives the considered ratio, Cols, from 2 to 6 
show the results obtaine d in this work in the different spectral cloud components of Orion and the total value, Cols. 7 and 8 ratios obtained by 
iNomura & Millar ( 200 3) in th eir models of hot cores (in model B trapping of mant le molecules in water ice is assumed), Col. 9 gives values in 
Orion by IPersson et all ( I2007T) . Col. 10 in dark cloud s (TMC-1) (Walsh et al. 2009 and references within), and Col. 11 provides these ratios for 
the molecular hot core G327.3-0.6. lGibb et alJ feOOCh . 



^ 2 and 0.3 in TMC-1 and IRC 10216, respectively dWalsh et all 
l2009tlCordiner & MiUdl2009h . 

8.3. Orion KL cloud structure 

We have analyzed and discussed the emission lines of the studied 
molecules in terms of the four well-known Orion KL cloud com- 
ponents (hot core, extended ridge, compact ridge, and plateau). 
However, low angular resolution does not enable us to detect any 
possible variation in the excitation temperature across the hot 
core and the other Orion components. A more complex phys- 
ical structure has been observed with sensitive interferometers 
(IWright et allll996tlBeuther et alll20fJ5llPlambeck etafll2009t 
Zapa ta et all l2009*a) . Further analysis of our survey indicates 
that at the position of IRc2, the lines of both SiS and the SiO 
maser emission show a velocity component at 15.5 km s _1 , an 
additional cloud component to those described ab ove. Owing to 
the hig h e nergies involved in so me emission lines, ISchilke et al.1 
(1200 lh and lComito etafl (120051) claimed that a hotter component 
exists at the hot core vlsr m me i r surveys at high frequency. 
In the same way, we detected the emission of vibrationally ex- 
cited OCS and CS at the hot core LSR velocity. In spite of the 
low angular resolution of our data, the amount of molecules, 
the large number of transitions, and the different vibrationally 
excited states found in the survey permit us to derive realistic 
source-averaged physical and chemical parameters. 



9. Summary 

We have presented an IRAM 30-m line survey of Orion KL with 
the highest sensitivity achieved to date. Because of the wide fre- 
quency range covered and high data quality, we intent to present 
the line survey in a series of papers focused in different molec- 
ular families. In this paper, we have presented the study of the 
emission from OCS, its isotopologues, and its vibrationally ex- 
cited states (v 2 = 1 and v 3 = 1), as well as HCS + , H 2 CS, CS, 
CCS, CCCS, and different isotopic substitutions of them. The 
four well known components of Orion (hot core, plateau, ex- 
tended ridge and compact ridge) contribute to the observed emis- 



sion from the main isotopologues of all these molecules except 
for C3S, which we only detected in the hot core component. 

Column densities have been calculated with radiative trans- 
fer codes based on either the LVG or the LTE approxima- 
tions, taking into account the physical structure of the source. 
Results are provided as source-averaged column densities. In 
this way, our column density for OCS are between 4 to 10 times 
higher than the beam-averaged ones provided in previous sur- 
veys. Our column density derived for the hot core componen t 
comp ares well wi t h the values obtained by ISutton et alJ ?1995) 
and IComito et alJ ((2005). Among those studied in this paper in 
all the cloud components, OCS appears as the most abundant 
species. 

We have also reported on the first detection in space of OCS 
in the vibrationally excited states v 2 = 1 and V3 = 1. This emis- 
sion arises mostly from the hot core component. The resulting 
vibrational temperature (^ 210 K) is similar to the kinetic tem- 
perature of this component (^ 225 K). 

For HCS + , we have to significantly reduce the contribution 
of the extended ridge component to reproduce all lines arising 
in our survey. The derived N(HCS + )/N(HCO + ) ratio is in agree- 
ment with the observed N(CS)/N(CO) ratio in terms of chemical 
equilibrium. 

The statistical value of 3 for the ortho-to-para ratio has been 
confirmed by the study of the emission lines of H2CS and its iso- 
topologues. We have derived an abundance ratio of H2CS/HDCS 
^20. 

For CS, we have analyzed the emission of 7 distinct isotopo- 
logues and the vibrational state v = 1. The lines of the main 
isotopologue are optically thick and therefore we have derived 
the column density by means of the isotopologues (assuming 
the derived isotopic abund ances from this wor k). Our results are 
in agr eement with those of ISutton et al.1 d 19951) and lComito et al.l 
(120051) . The vibrational temperature calculated for CS v = 1 (ten- 
tative detection) is less than 300 K, in agreement with those val- 
ues obtained for OCS v% = 1 and V3=l. However, this result may 
indicate that there is an inner, hotter region of emission from vi- 
brationally excited CS that is difficult to resolve with our low 
angular resolution observations. 
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Since the intensity of the C2S and C3S lines is already 
weak, we could not detect either their isotopologues or their 
vibrationally excited states. We derived column densities of 
5xl0 13 cirT 2 and 2xl0 13 cirT 2 , respectively in the hot core 
component from the detected lines. We have detected C3S for 
the first time in warm regions. Finally, we have derived upper 
limits to the column density of non-detected molecules (-CS 
bearing species), obtaining the maximum value for thioketene 
JV(H 2 CCS) < 2.4xl0 14 cm" 2 . 

From the column density results, we have derived several 
abundance ratios that permit us to provide the following average 
isotopic abundances: 12 C/ 13 C = 45+20, 32 S/ 34 S = 20+6, 32 S/ 33 S 
= 75 ±29, and 16 0/ 18 = 250+135 (all of them in agreement with 
the solar isotopic abundances, see Sect. [6] and Table IB. 91 only 
available online). 

Orion KL has been observed and described by a large num- 
ber of authors. Single-dish observations cannot provide details 
about the complex physical structure and true spatial distribution 
that interferometric observations do reveal. It is not possible, for 
example, to track the variation in the excitation temperature in 
the hot core region that appear to exist according to the vibra- 
tional temperature derived from vibrationally excited CS. The 
need from a large contribution from the extended ridge compo- 
nent before OCS can reproduce the line profiles towards the hot 
core, relative to the contribution of the ambient molecular cloud 
(far away IRc2), implies that at the border between the hot core 
and the extended ridge, there is a physical structure with density 
and temperature gradients that the single-dish telescopes cannot 
resolve. Higher angular resolution observations are necessary to 
describe this source in detail and to reveal its physical structure. 
Interferometric instruments such as Plateau de Bure, SMA, or 
the future ALMA are necessary to avoid spectral confusion re- 
lated to varying physical conditions inside large beams and to 
resolve the source structure. Nevertheless, the 30m line survey 
of Orion will provide a consistent determination of column den- 
sities of all species with emission above 0. 1 K. 
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Table 3. OCS observed line parameters 



Molecule 


Observed 






Transition 


Rest 


P 

'-'up 


Sy 




Vlsr (km s" 1 ) 


(K) 


(Kkms- 1 ) 


J 


frequency (MHz) 


(K) 




OCS 


7.6 


3.71 


40.2+0.7 


7-6 


85139.104 


16.3 


7.00 




8.1 


5.81 


62.6+0.6 


8-7 


97301.208 


21.0 


8.00 




7.8 


6.95 


78+1 


9-8 


109463.063 


26.3 


9.00 




7.7 


7.97 


96±3 


11-10 


133785.898 


38.5 


11.0 




7.6 


12.2 


139+2 


12-11 


145946.815 


45.5 


12.0 




6.1 


10.6 


146+8 


13-12 


158107.358 


53.1 


13.0 




8.6 


10.0 




14-13 


170267.494 


61.3 


14.0 




7.5 


10.9 


167+10 


17-16 


206745.155 


89.3 


17.0 




7.0 


10.2 


151+3 


18-17 


218903.355 


99.8 


18.0 




7.2 


12.3 


184+10 


19-18 


231060.993 


110.9 


19.0 




6.5 


9.73 


163+9 


20-19 


243218.037 


122.6 


20.0 




6.7 


10.2 


121+3 


21-20 


255374.457 


134.8 


21.0 




7.7 


20.3 (1) 




22-21 


267530.220 


147.7 


22.0 




7.7 


11.1 


1 18+6 


23-22 


279685.296 


161.1 


23.0 


OC 34 S 


7.1 


0.32 


2.3+0.2 


7-6 


83057.970 


15.9 


7.00 




6.8 


0.46 


5.2+0.7 


8-7 


94922.798 


20.5 


8.00 




8.7 


0.61 


5.3+0.6 


9-8 


106787.389 


25.6 


9.00 




7.2 


1.46 (2) 




11-10 


130515.735 


37.6 


11.0 




7.6 


1.15 


10+1 


12-11 


142379.431 


44.4 


12.0 




1.9 


3.06 (3) 




13-12 


154242.770 


51.8 


13.0 




7.8 


1.70 


15+1 


14-13 


166105.722 


59.8 


14.0 




6.9 


1.41 


8.3+0.6 


15-14 


177968.256 


68.3 


15.0 




6.6 


1.31 


11.4+0.8 


17-16 


201691.955 


87.1 


17.0 




6.4 


1.49 


15+1 


18-17 


213553.060 


97.4 


18.0 




7.3 


1.75 


15.5+0.9 


19-18 


225413.628 


108.2 


19.0 




7.4 


1.79 


18+2 


20-19 


237273.631 


119.6 


20.0 




7.7 


2.77(3) 




21-20 


249133.037 


131.5 


21.0 




5.9 


1.84 


18.9+0.9 


22-21 


260991.818 


144.1 


22.0 




7.4 


2.03 


23+1 


23-22 


272849.944 


157.2 


23.0 


OC 33 S 


7.5 


0.086 


1.27+0.10 


7-6 


84067.083 


16.1 


7.00 




(4) 






8-7 


96076.057 


20.8 


8.00 




7.0 


0.15 


1.12+0.11 


9-8 


108084.786 


25.9 


9.00 




(4) 






11-10 


132101.391 


38.0 


11.0 




(5) 






12-11 


144109.205 


45.0 


12.0 




7.2 


0.61"- ; 




13-12 


156116.654 


52.5 


13.0 




8.7 


0.56 W 




14-13 


168123.706 


60.5 


14.0 




(4) 






1 /-to 


OH/1 1/10 1 1Q 


oo.Z 


i 1 X) 




7.3 


0.27 


2.2+0.2 


18-17 


216147.340 


98.6 


18.0 




6.8 


0.66 v ' 




19-18 


z28151.95z 


109.5 


i a a 

19.0 




7.2 


0.73 ( ' 




20-19 


240155.985 


121.0 


20.0 




10.1 


1.03 w 




21-20 


252159.408 


133.1 


21.0 




7.1 


0.79 (1) 




22-21 


264162.190 


145.8 


22.0 




6.7 


0.75 (10) 




23-22 


276164.302 


159.1 


23.0 


o 13 cs 


7.8 


0.14 


1.09+0.14 


7-6 


84865.153 


16.3 


7.00 




7.8 


0.26 




8-7 


96988.123 


20.9 


8.00 




7.2 


0.28 


1.8+0.2 


9-8 


109110.844 


26.2 


9.00 




6.8 


0.43 (11) 




11-10 


133355.415 


38.4 


11.0 




8.2 


0.65 


5.5+0.4 


12-11 


145477.201 


45.4 


12.0 




7.3 


0.68 


5.4+0.5 


13-12 


157598.615 


52.9 


13.0 




7.5 


0.89 




14-13 


169719.623 


61.1 


14.0 




(5) 






17-16 


206079.906 


89.0 


17.0 




6.1 


L00< 13 > 




18-17 


218198.984 


99.5 


18.0 




7.4 


0.93 


12+1 


19-18 


230317.500 


110.5 


19.0 




(12) 






20-19 


242435.425 


122.2 


20.0 




6.9 


1.97(14) 




21-20 


254552.727 


134.4 


21.0 



Table 3. continued. 



B. Tercero et al.: Survey towards Orion KL: sulfur carbon chains 



1 

Molecule 


— FTu a 

Observed 


X* 

A 


( T*//i> 


— ^ ~. 

lransition 


Kest 


121 up 


C 




Vlsr (km s _1 ) 


(K) 


(K km s ) 


j 
J 


frequency (MHz) 


(K) 






I.I 


a oa 


j.j±\)A 


j j j 1 


zooooy. j /j 


1 A H J 
14/ .Z 


OO A 

zz.u 




f. 7 

0. / 


a oc 


0.3+0.0 


Ol OO 


Z/O /OJ.JJ / 


1 aa 
I0U.0 


07 A 

Z3.U 




noise level 






1-0 


/y866.44/ 


If T 

15.3 


-7 AA 
/.OO 




noise level 






Q 7 
0- / 


yiz/j.jyo 


in 7 

iy. / 


AO 




7 Q 
/ .y 


o 

W.WJ 




Q 8 


1 09^84 1 97 
IUZO0+. 1Z / 


94 (\ 


Q 00 

y .ww 




Q "X 
y.J 


W.lo 




1 n q 
iu-y 


1 1 ztf>Q9 f. 1 ^ 

1 i+wyz.01 j 


^0 1 
3U. 1 


1 

1W.W 




7 "X 
I .3 


o i (15) 




10 11 

IZ-l 1 


1 I^QAQ -7/1 O 

1 joyus. /4j 


A J 7 
4Z. / 


1 A 
1Z.U 




Q 1 
y. 1 


o 1 1 

W. 1 1 




1^19 


1 48^1 6 ^9 
l+O ' IO. J JZ 


4Q 8 

+y .0 


1 ^ 
1 J.V 




7 9 


1 




14-1 ^ 
11 — 1 j 


1 SQ79^ Sfi7 
Ljy/ z.j.j\j 1 


S7 5 


14 




q 

y .o 


0.i7(i 6 ) 




1 S 14 

LJ It 


1 71 1 ^0 499 

1/11 JVJ.^rZ.Z. 


fi^ 7 
\}J . 1 


1 ^ 
1 J.W 




3.2 


65 (17), (18) 




18-17 


205348 431 


93.6 


18.0 




7.1 


0J0< 3 > 




19-18 


216753.491 


104.0 


19.0 




f 1 CA 

Uy; 






90 1 Q 
ZW-iy 


9981 ^8 0^4 
ZZo 1 Jo.V j*t 


11^0 


90 

zw.w 




8 9 


23 (2) 




21-20 


939569 034 


196 5 


21.0 




6.6 


0.45< 4 > 




22-21 


250965.463 


138.5 


22.0 




6 8 
u.o 


96< 15 > 




9^-99 


969^68 9Q^ 


1 S1 1 

LJ 1 . 1 


9^ 

jL J .W 




(1) 






24-23 


273770.498 


164.3 


24.0 


U L, o v ' 


J.J 


A oc 




OA 1 Q 

zu- iy 


Tit: A OQ -71/1 
Zj04Zy. / 14 


1 1 Q 7 

1 iy .z 


OA A 




1 .y 


A 1 r 

U. 15 




Zj-ZZ 


JH 1 O-70 /] QA. 

z/ is /y.4su 


l5o.o 


O'l A 

Z3.U 


17 OCS (20) 


7.3 


0.09 




23-22 


270589.988 


155.9 


23.0 


/~*/~i36 ci (201 
OC S l ' 


4.7 


0.06 




12-11 


139184.392 


43.4 


12.0 




7.1 


0.03 




13-12 


150781.546 


50.7 


13.0 




7.9 


0.06 




14-13 


162378.329 


58.5 


14.0 




8.3 


0.17 




23-22 


-"X y — 7 ^ —7 Ann 

266727.978 


153.6 


23.0 


OCS V2 = 1 + 


10.2 


0.067 uu 




7-6 


85331.836 


15.8 


6.86 




c o 

5.8 


0.040 


0.29+0. 13 


8-7 


97521.462 


20.5 


7.88 




7.2 


a c\c o 
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A £H 1 A AT 
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9-8 


1 nni 1 a oo /i 

109710.834 
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O OA 
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A 1 1 
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1 1 /I 1 A AO 

1.14+0.08 


11 in 

1 1-10 


1 O /I AO O /COO 

134088.688 


O O A 

38.0 


1 A A 

10.9 




c 

5.3 


A 1 C 

U. 15 


J 1 _i_A *2 

Z.I+U.3 


10 11 

lz-1 1 


1 /I 1 
14oZ/ /.IUO 


/I C A 


110 

1 i.y 
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a 00 

W.ZZ 


J AC_i_A 1 O 
Z.Uj+U. 1Z 


1 i 10 
1 3-1Z 


1jo40j.I43 


CO -7 

jZ. / 


1 Q 
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T C 
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a /i/;(8) 
0.46 v ' 




1/1 11 

14-13 


1 /065Z. /66 


/;a 
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1 O A 
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7 Q 

/ .y 


1 iq(22) 
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1 7 1 A 
1 /-10 


9079 19 8^8 
ZW / ZlZ.o jo 


88 Q 
00. y 


1 f. Q 
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18-17 


219398.490 


99.5 


17.9 




J.O 


f\AA 
U.44 


A 2xA /I 
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01 1 CQ1 < r 7r\ 
Z31 /0 


1 1 A A 


1 Q Q 
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A 

o.O 


0.65 w 




OA 1 A 

20-19 


O /I O A A c 
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1 00 

1ZZ.3 


1 A A 

iy.y 




(i) 






J 1 OA 

Z1-Z0 


ccnc 1 00c 


1 O A C 

134.6 


OI A 

Z1.0 




1.9 


a *ta(81 

0.60 w 




22-21 


268135.057 


147.4 


22.0 




7.5 


0.47 


4.2+0.3 


23-22 


280317.529 


160.9 


23.0 


OCS v 2 = 1" 


10.0 


0.048 (3) 




7-6 


85242.782 


15.8 


6.86 




6.5 


0.048 


0.30+0.06 


8-7 


97419.688 


20.5 


7.88 




(23) 






9-8 


109596.341 


25.7 


8.89 




7.3 


0.14 


1.4+0.2 


11-10 


133948.759 


38.0 


10.9 




(23) 






12-11 


146124.461 


45.0 


11.9 




5.9 


0.26 


4.0+0.2 


13-12 


158299.783 


52.6 


12.9 




(5) 






14-13 


170652.766 


60.8 


13.9 




7 Q 


^zt 

W. J+ 


4.-4- 1 
++ 1 


n i<; 
1 /-10 


zuoyyo.o3+ 


88 Q 

00. y 


1 fi. Q 

10. y 




(23) 






18-17 


219169.579 


99.4 


17.9 




6.7 


0.38 




19-18 


231341.953 


110.5 


18.9 




8.8 


0.50< 10 ) 




20-19 


243513.725 


122.1 


19.9 




(23) 






21-20 


255684.863 


134.4 


21.0 




(8) 






22-21 


267855.336 


147.3 


22.0 




4.9 


0.44 


3.8+0.2 


23-22 


280025.112 


160.7 


23.0 
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Oh ^pwpH 


T* 
1 A 


J A 


Transii ti on 

J. 1 tlllM L1VJ11 


Rest 


F 

'-'up 






Vlsr (km s" 1 ) 


(K) 


(Kkms- 1 ) 


j 


frequency (MHz) 


(K) 




OCS v 3 = 1< 20 > 


7.2 


0.06 




11-10 


133386.789 


38.4 


11.0 




7.3 


0.10 




13-12 


157635.614 


53.0 


13.0 




5.5 


0.13 




18-17 


218249.861 


99.5 


18.0 




5.6 


0.11 




21-20 


254611.772 


134.4 


21.0 
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Note. -Observed transitions of OCS, OCS vibrationally excited and OCS isotopologues in the frequency range of the Orion KL 
survey. Column 1 indicates the isotopologue or the vibrational state, Col. 2 gives the observed (centroid) radial velocity, Col. 3 the 
peak line temperature, Col. 4 the integrated line intensity, Col. 5 the quantum numbers, Col. 6 the assumed rest frequencies, Col. 7 
the energy of the upper level, and Col. 8 the line strength. 

(1) : blended with S0 2 

(2) : blended with CH 3 OCH 3 

(3) : blended with CH 3 CH 2 CN b type 

(4) : blended with CH 3 OCOH 

(5) : blended with CH 3 CH 2 CN a type 

(6) : blended with g + CH 3 CH 2 OH 

(7) : blended with HC 3 N v 7 = 2 

(8) : blended with U line 

(9) : blended with 34 SHD 

(10) : blended with NH 2 CHO 

(11) : blended with CH 2 CHCN v n = 1 

(12) : blended with CH 3 OH 

(13) : blended with p-H 2 CO 

(14) : blended with SO 

(15) : blended with CH 3 CH 2 CN out of plane torsion (Tercero et al., in preparation) 

(16) : blended with CH 2 CHCN v 15 = 1 

(17) : blended with CH 2 CH 3 13 CN 

(18) : blended with 13 CH 2 CH 3 CN 

(19) : blended with CH 2 CHCN 

(20) : only for non-blended lines 

(21) : blended with c-C 2 H 4 

(22) : blended with (CH 3 ) 2 CO 

(23) : blended with HC 3 N v 7 = 1 
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1. Observed lines (offseted histogram) and model (thin curves) of 13 CS, 18 OCS, 13 C 34 S, 17 OCS, and OC 36 S. A v LSS of 9 
is assumed. 
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Fig. A.2. Left panel shows the OCS J = 18-17 line at different positions. The right panel map shows the total integrated intensity of 
this transition; the interval of contours is 10 K km s~' , and the minimum contour is 40 K km s~' . 
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Fig. A.3. Observed lines (histogram) and model (thin curves) of HCS + . A Vlsr of 9 km s 1 is assumed. 
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Fig. A.4. Observed lines (histogram) and model (thin curves) of H2CS. A Vlsr of 9 km s 1 is assumed. 



0.15 
0.1 
0.05 







11 









0.15 r 1 

0.1 





i/(GHz) 



v(GHz) 



Fig. A.5. Observed lines (histogram) and model (thin curves) of H2C 34 S. A Vlsr of 9 km s 1 is assumed. 
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Fig. A.6. H2 13 CS observed (offseted histogram) and modeled (continuum curves) lines. A Vlsr of 9 km s 1 is assumed. 
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Fig. A.7. HDCS observed (histogram) and modeled (thin curves) lines. A \lsr of 9 km s 1 is assumed. 
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Fig. A.8. Observed lines (offseted histogram) and modeled (thin curves) of CS, CS isotopologues, and CS v = 1. A v LiSR of 9 km s 1 
is assumed. 
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Table B.l. OCS isotopologues and OCS vibrationally excited velocity components. 



Species/ 




Blend of all components 




Transiion 




Vlsr (kms ') 


Av (km s ') 


T^(K) 


OC 34 S 7-6 




7.1±0.3 


7.3±0.8 


0.30 


OC 34 S 8-7 




5.8±0.8 


12.3±2.2 


0.40 


OC 34 S 9-8 




7.5±0.5 


8.3+1.3 


0.60 


OC 34 S 12-11 




7.1±0.4 


8.6+1.2 


1.05 


OC 34 S 14-13 




7.1±0.3 


9.3±0.9 


1.52 


OC 34 S 15-14 




6.6±0.2 


5.9±0.6 


1.31 


OC 34 S 17-16 




6.8±0.2 


7.7±0.5 


1.25 


OC 34 S 18-17 




6.3±0.3 


10.0±1.0 


1.36 


OC 34 S 19-18 




6.3±0.2 


9.1±0.7 


1.61 


OC 34 S 20-19 




7.1±0.4 


11.2+1.4 


1.48 


OC 34 S 22-21 




6.2±0.2 


11.1+0.7 


1.60 


OC 34 S 23-22 




6.4±0.3 


13.5+1.0 


1.59 


OC 33 S 7-6 




6.1±0.5 


15.1 + 1.7 


0.08 


OC 33 S 9-8 




7.2±0.3 


7.8+1.0 


0.14 


OC 33 S 18-17 




6.6±0.4 


9.4+1.5 


0.22 


13 CS 7-6 




7.6±0.4 


7.7+1.4 


0.13 


13 CS 8-7 1 










13 CS 9-8 




7.1±0.3 


6.8+1.0 


0.25 


13 CS 11-10 




6.9±0.2 


5.7+0.6 


0.25 


13 CS 12-11 




7.3±0.3 


8.3+0.7 


0.62 


13 CS 13-12 




6.8±0.4 


9.0+1.2 


0.56 


13 CS 14-13 




7.23±0.10 


3.7'±0.3 


0.61 


13 CS 18-17 




4.1 '±0.6 


13.9+1.4 


1.00 


13 CS 19-18 




7.4±0.6 


14.6+0.8 


0.79 


13 CS 22-21 




7.3±0.2 


7.3+0.5 


0.72 


13 CS 23-22 




7.3±0.3 


6.5+0.8 


0.90 


OCS y 2 = T 8-7 




5.7±0.5 


5.3+1.2 


0.05 


OCS v 2 = l + 8-7 




5.8+1.3 


6.7+2.8 


0.04 


OCSv 2 =l + 9-8 




5.9±0.5 


10.0+1.3 


0.07 


ocs v 2 =r li- 


10 


6.1 ±0.6 


11.3+1.9 


0.12 


ocs v 2 =r li- 


10 


7.2±0.3 


9.4+0.9 


0.11 


ocs v 2 =r 12-11 


6.2±1.1 


16.4+4.0 


0.12 


ocs v 2 =r 13- 


12 


7.7±0.3 


15.5+0.7 


0.24 


ocs v 2 =r 13- 


12 


5.6±0.3 


9.3+0.7 


0.21 


ocs v 2 =r 17- 


16 


5.3±0.6 


8.9+1.8 


0.47 


OCS v 2 =r 19-18' 








OCS v 2 =l + 19-18 


5.3±0.4 


10.3+1.3 


0.39 


OCS v 2 =T 23-22 


5.9±0.7 


11.6+1.8 


0.33 


OCS v, = l + 23-22 


5.7±0.3 


9.2+0.8 


0.43 



Note.-v iS7i , Av and T* A of the lines of OC 34 S, OC 33 S, 0' 3 CS, and OCS v 2 = l shown in Figs.[8]|An] and|9](see text, Sect.gj} derived from one 
Gaussian fit. 

1 Although the line is clearly detected, the obtained parameters are influenced by the presence of closely lines from other species. 



Table B.2. HCS + Observed line parameters 



Observed 

Vm (km s" 1 ) 


n 

(K) 


jT* A dv 
(Kkms- 1 ) 


Transition 
J 


Rest 

frequency (MHz) 


'-'up 

(K) 




7.7 


0.13 




2-1 


85347.875 


6.1 


2.00 


8.8 


0.90 




4-3 


170691.620 


20.5 


4.00 


8.9 


0.74 


9.2+0.3 


5-4 


213360.654 


30.7 


5.00 


8.7 


0.65 


4.3+0.4 


6-5 


256027.107 


43.0 


6.00 



Note- Observed HCS + lines in the frequency range of the Orion KL survey. Column 1 gives the observed (centroid) radial velocities, Col. 2 the 
peak line temperature, Col. 3 the integrated line intensity, Col. 4 the quantum numbers, Col. 5 the assumed rest frequencies, Col. 6 the energy of 
the upper level, and Col. 7 the line strength. 
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Table B.3. H 2 CS observed line parameters 



Molecule Observed 


l A 


J l A dV 


Transition 


T? act 


i-'up 


c 


v LSR (km s -1 ) 


(a) 


(K. km s j 


Jk.k' 


frequency (MHz) 






o-H 2 CS 6.8 


1 ^a( I 2) 

1.60 u ' J 


10.4+0.3 


3l,3"2i ; 2 


1 / \ -1 A — 1 — 1 — J r- / \ 

101477.750 


8.1 


2.67 


7.5 


1.85 


9.5+0.3 


3i,2-2i,i 


104616.969 


8.4 


2.67 


7.2 


T -7 /I (31 

2.74 w 


17.0+0.9 


4l,4-3l, 3 


135298.094 


14.6 


3.75 


4.5 (4) 


2.32 


18.4+0.9 


43,2-33,1 


137369.250 


120.2 


1.75 


A W^*t 

4.6 (5) 






43,1-33,0 


137369.281 


120.2 


1.75 


7.9 


3.54 (6) 


24+3 


4l,3-3i,2 


139483.422 


15.1 


3.75 


6.6 


4.33 


25+1 


5l,5-4l,4 


169113.719 


22.7 


4.80 


6.0 


2.31 


18±1 


53,3-43,2 


nni a '~ir\'—i 

171710.797 


128.5 


3.20 


6.2 p; 






53,2-43,1 


171710.906 


128.5 


3.20 


6.6 


3.78 


31+2 


5l,4-4l,3 


-1 J — 1 A ^ A A O J — I ^ 

174344.875 


23.5 


4.80 


7.7 


4.73 (/) 


46±8 


6 1,6-5 1,5 


202923.516 


32.5 


5.83 


7.6 


0.15 




65,2-55,1 


205942.672 


349.1 


1.83 


f5i 






65,1-55,0 


205942.672 


349.1 


1.83 


6.5 (4) 


3.23 


29±2 


63,4-53,3 


206051.859 


138.4 


4.50 


6.9°' 






63,3-53,2 


206052.156 


138.4 


4.50 


7.6 


4.92 


27±1 


6l,5"5l,4 


209200.094 


33.5 


5.83 


7.4 


3.89 


30+1 


7 1,7-6 1,6 


236726.437 


43.8 


6.86 


(A\ 
v+) 






75,3-65,2 


240261.406 


360.6 


3.43 


(A\ 






75,2-65,1 


240261.406 


360.6 


3.43 


6.0 


4.29 


29+2 


73,5-63,4 


240392.422 


149.9 


5.71 


6.9 (5) 






73,4-63,3 


240393.094 


149.9 


5.71 


7.9W 


4.49 


45+1 


7 1,6-6 1,5 


244047.922 


45.2 


6.86 


7.7 


4.38 


37+1 


8l,8"7l,7 


270521.469 


56.8 


7.87 


7.4 


0.48 


1.2+0.2 


85,4-75,3 


274578.000 


373.8 


4.88 


W) 






85,3-75,2 


274578.000 


373.8 


4.88 


6.7 


2.36 


19+1 


83,6-73,5 


274732.437 


163.1 


6.88 


8.2 P) 






83,5-73,4 


274733.781 


163.1 


6.88 


7.6 


6.20 


49±2 


8l,7-7l,6 


278887.156 


58.6 


7.87 


p-H 2 CS 7.1 


1.10 


5.79+0.08 


32,2-22,1 


103039.836 


62.6 


1.67 


8.7 (S) 






3o,3"2o,2 


103040.398 


9.9 


3.00 


6.9 


0.25 


1.4+0.3 


32,1-22,0 


103051.773 


62.6 


1.67 


8.3 


2.32 (y) 


18.3±0.4 


4o,4"3o,3 


137371.000 


16.5 


4.00 


10.1 (10) 


1.23 


14.4+0.5 


42,3-32,2 


137381.906 


69.2 


3.00 


6.9 


0.65 


3.44+0.09 


42,2-32,1 


137411.750 


69.2 


3.00 


5.7 


0.21 


2.3+0.2 


54,2-44,1 


171670.625 


235.4 


1.80 


WJ 






54,1-44,0 


171670.625 


235.4 


1.80 


1.1 


2.12 


25±1 


C A 

J0,5" 4 0,4 


171687.781 


24.7 


C f\f\ 

5.00 


8.3 


1 oa(ll) 
L.Ly ' 




C A 

J 2,4-42,3 


171720.125 


T7 A 

11 A 


A OA 

4.20 


H O 
1.0 


1 fi/i(D 
1.U4 1 - ' 


/.9+0.5 


C A 

32,3-42,2 


IT] 77A O 1 o 


71 A 

1 1 A 


A OA 

4.20 


0. / 


1 C2 
l.SJ 


1 A A_i_A A 


O0,6-J0,5 


OA<flC7 TOO 

2UjVo J.jZo 


34.0 


0.00 


(12) 






t>4,3-J4,2 


2U6UUl.ol2 


245.3 


3.33 


(121 






64,2-54,1 


206001.812 


245.3 


3.33 


9.0 


1 /-\^\(Q1 

3.23 CT 


29±2 


62,5-52,4 


206053.594 


87.3 


5.33 


i 1 T\ 
(13) 






62,4-52,3 


206158.016 


87.3 


5.33 


1 1 A\ 
(14) 






76,2-66,1 


240178.672 


520.2 


1.86 


(14) 






76,1-66,0 


240178.672 


520.2 


1.86 


7.5 


3.84 


27±1 


7o,7"6o,6 


240266.328 


46.1 


7.00 


7.9 


1.57 


10±2 


74,4-64,3 


240331.547 


256.9 


4.71 








74,3-64,2 


240331.547 


256.9 


4.71 


6.4 


2.53 


9.2+0.3 


72,6-62,5 


240381.422 


98.8 


6.43 


1 .z 


1/1 
Z. 14 


14. J+U. J 


'2,5-02,4 


O/lM^/l Q A in 
Z4Uj4o.4j / 


yo.o 


U.4J 


6.3 


0.29< 15 > 


2.6+0.3 


86,3-76,2 


274482.656 


533.4 


3.50 


(5) 






86,2-76,1 


274482.656 


533.4 


3.50 


7.7 


2^62® 




8o,8"7o,7 


274521.469 


59.3 


8.00 


7.0 


0.48 


3.5+0.2 


84,5-74,4 


274659.656 


270.1 


6.00 


(5) 






84,4-74,3 


274659.656 


270.1 


6.00 


7.2 


1.19 


5.7+0.6 


82,7-72,6 


274702.812 


112.0 


7.50 
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Table B.3. continued. 



MoIpoiiIp 

i V 1 V 7 1 V^^_ LI 1 V_. 


Ohsprvpd 


T* 
1 A 


/ T*dv 


Xransition 


Rest 


E 






*LSR ^KJU a ) 


(K\ 
lAJ 


(K km <t~ l i 
V,xv Ivlll a J 




iicuLicii^y ^ivin.z. ^ 








1 6 
1 .O 


1 97 
1 .ZJ 


Q 0-1-0 7 


8, , 7, , 
02,6" '2,5 


77zLQS^ 1 87 
Z /H-yjO. 10/ 


119 
1 1Z.W 


7 SO 
/ . JV 


tt /~i34c 




9S 
U.Zj 


1 SA_i_o 09 
l.JO+U.UZ 


7 9 
■51, 3-^1,2 


QQ77/I 1 1 A 



o.U 


9 £.n 
Z.O 1 




8 6 
O.O 


m 
u.u / 


ZtO-i-0 OS 
U.+U+U.UJ 


■51,2-^1,1 


1 09807 ^80 


8 7 

O.J 


9 67 
Z.O / 




6 1 
0. 1 


a 79(16) 
U.JZ V 


9 1 4-0 A 
Z. 1 +U.+ 


zt , 7 „ 


1 ^097 01 7 


1+.+ 


7 7S 

J. / J 




(9) 






/I 
4-3,2--53,l 




1 90 O 
12U.U 


1 7S 

1. / J 




(9) 






A 7 
43,1-^3,0 


1 7^097 Q1 7 


1 90 O 
12U.U 


1 7S 

1 . / J 




8 S 

O.J 


u.zu 


1 9+0 9 


^■1,3-51,2 


1^7071 OQ^ 


1zl Q 


7 7S 

J. / J 




7.4 


0.42 




Jl,5 +1,4 




22.3 


3 20 




8 s 

O.J 


si< 14 > 

yj.j) 1 




53,3-43,2 


1 68784 1 Q7 
1UO / o+. 1 " ' 


1 98 1 
1 z,o . 1 


7. 90 
J.ZW 




8 6< 5 > 

O.O 






S~ ~ A~ . 
-53,2-^-3,1 


1 68784 9Q7 
lOo / o+.zy / 


1 98 1 
izo. 1 


7 90 
J.ZW 




9.1 


0.19 


2.8+0.2 


5i /-4i i 
Jl,4 +1,3 


171330 1 53 


23.1 


4.80 




(16) 






6l,6"5l,5 


199518 608 

177J -LO.VJV/O 


31.9 


5.83 




(8,16) 






63,4-53,3 


909S40 OAT. 


1 ^7 Q 


zt so 




(8,16) 






6 s 

03,3"J3,2 


909^/10 71 O 
ZUZj+U. J 1U 


1 77 Q 
1 J 1 .y 


A SO 
+. JU 




8 S 

O.J 


n 1 7 
u. 1 / 


9 8 4-0 7 


6l,5"5i,4 


ZuJJoj.j / 


79 Q 


S 87 
J.o J 




Q 8< 14 ) 
y.o 


o 91 
u.z i 


1 74-0 S 
1 . / +U. J 


7 6 , 
' 1,7-01,6 


9797S 4 ; 1 S9 


A7 1 
+J. 1 


6 86 
O.oO 




(17) 






73,5-63,4 


936995 303 


149.2 


5 71 




(17) 






73,4-63,3 


9^A9CK QOA 


1 ztQ 9 
l+y.2 


^ 71 

J. / 1 




(7) 






7,6, 
' l,6-Ol,5 


90Q09Q C70 


ztzt S 
++. J 


O.oO 




8 6 




7 7.4-O 9 


8l,8"7l,7 


96SQ84 194 


jj.y 


7 87 




8.7 


0.20 


1.6±0.2 


83,6-73,5 


270049 842 


162.2 


6.88 




10.0 (5) 






83,5-73,4 


270051 043 


162.2 


6.88 




8.9 


0.30 


2.4+0.2 


8 1,7"7 1 ,6 


274067.548 


57.6 


7.87 


p_H 2 C J4 S 


5.78 


0.05 




32,2"22,1 


101283 413 


62.5 


1.67 




8.6 (5) 






3o, 3-^0,2 


101284 357 


9.7 


3.00 




(12) 






32,1"22,0 


101294 548 


62.5 


1.67 




(18) 






4o,4"3o,3 


1 35030 774 


16.2 


4 00 

1 • Vy Vy 




(1) 






42,3"32,2 


1 ^S040 ^80 


68 Q 


^ 00 

J . \J\J 




(8) 






"+2,2-J2,l 


1 ^^OAC 9 1 ^ 


68 Q 
Oo.V 


^ 00 




(19) 






S , ~ zt. 
-54,2-4-4,1 


1 AC7/K ^11 


97S 1 


1 80 




(19) 






-54,l-+4,0 


1 AQ7/K ^11 


97S 1 
LjJ . 1 


1 80 
1 .OU 




(19) 






5o,5"4o,4 


1 f\9.1f\A ^OQ 


9A 7 
2+. J 


^ 00 




(1) 






S, . zt, , 
-52,4-^-2,3 


1 A87Q^ 771 


77 


A 90 




8 Q 
o.y 


97 




52,3-42,2 


1 4^1 


77 1 


4 90 




8.8 


0.14 


1.9+0.3 


6o,6"5o,5 


202481 755 


34.0 


6.00 




(10) 






*-*4,3 -^4,2 


202491 902 


244.8 


3.33 




(10) 






64,2-54,1 


202491 902 

z— v./ z— 1^ y 1 . y vy z_- 


244.8 


3.33 




(8) 






62 5"52 4 


202542.695 


86.8 


5.33 




8.1 


0.12 (20) 




62,4-52,3 


202640 076 


86.3 


5.33 




7 


34 (21) 




7o,7"6o,6 


9361 79 91 5 


45 4 


7 00 




(6) 






74,4-64,3 


9^69^6 81 S 

Z,JUZvJU.O 1 J 


9S6 1 


4. 71 




(6) 






74,3-64,2 


9^^,9^^, 81 f> 


9S^, 1 


A 71 




8.8 


o"62 (22) 


6±1 


72,6-62,5 


236286 259 


98.1 


6.43 




6 7 

0. / 


71< 23 > 

U. / 1 




72,5-62,4 


IT.f.AAl 01 ^ 


Q8 1 
yo. 1 


6 ZtT. 

U.+J 




1U.Z V ' 


O A/1 


6 7-1-0 7 
0. J+U. J 


8 7 
00,8" '0,7 


96Q8SS 61 7 


S8 7 
JO. J 


8 OO 
o.UU 




8 A. 
0.+ 


o 7 1 
u.z i 




8 . - 7 . . 
04,5-'4,4 


96QQ80 001 


96Q 1 
20V. 1 


6 00 
O.UU 




(5) 






8 , , 7 , „ 
04,4-'4,3 


96QQ80 007 


96Q 1 
20V. 1 


6 00 
O.UU 




7 1 
1 .j 


1Q 




82,7-72,6 


97009^ S71 


1111 

111.1 


7 SO 




Q 8 


a 71(24,25) 
U. / 1 


A 1 O-i-O 1 S 
0. 1U+U. 1 J 


8 n 

02,6-/2,5 


9709S9 O8Q 


1111 
111.1 


n so 
/ . JU 


„ TT Hpn 

0-H2 Ca 


0.2 


A AO 

0.03 


A 1 i A A 1 7 
0.10/+0.013 




9/632.22/ 


H O 
1.0 


Z.O/ 




9.8 


0.03 






100534 773 


8.1 


2.67 




9.3 


0.03 


0.198+0.008 


4l,4-3l, 3 


130171.461 


14.1 


3.75 




(1,26) 






43,2-33,1 


132084.812 


119.9 


1.75 




(1,26) 






43,1-33,0 


132084.828 


119.9 


1.75 




8.7 


0.13 




4l,3-3l,2 


134041.265 


14.5 


3.75 




7.3 


0.19 


1.2+0.2 


5l,5-4l,4 


162706.562 


21.9 


4.80 




(12) 






53,3-43,2 


165105.172 


127.8 


3.20 
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Table B.3. continued. 



Molecule 


Observed 




J T l dv 


Transition 


Rest 




S -7 




Vlsr (km s ') 


(K) 


(Kkm s" 1 ) 


Jk,k> 


frequency (MHz) 


(K) 






— rrr\ 

(12) 






53,2-43,1 


165105.250 


127.8 


3.20 




8.1 


0.27 


2.8+0.2 


5l,4-4l,3 


167543.375 


22.6 


4.80 




5.3 (26) 


0.22 


1.16±0.04 


63,4-53,3 


198124.937 


137.3 


4.50 




5.6 (5) 






63,3-53,2 


198125.172 


137.3 


4.50 




7.2 


0.24 


1.29±0.08 


61,5-51,4 


201039.969 


32.2 


5.83 




7.8 


A TO 

0.32 


1 I 1 A O 

1.3±0.2 


7 1,7-61,6 


227760.297 


A O O 

42.2 


6.O6 




Q A 

y.4 


n 1 1 
u. 1 1 




73,5-63,4 


1 1 /i a QO/1 
Zj 1 14j).y04 


140.4 


J. 1 1 




1 n 1 (5) 

1U.1 V ' 






'3,4-03,3 


11/1/1 ci/; 
1 144. J 10 


1/10/1 
14o.4 


J. 1 1 




0. / 


n ^i(i) 

U.Jl v ' 


A 0_i_f\ Q 


1 1,6-01,5 


O^/l <OQ QAQ 


/I < 


O.oO 




(8) 






O H 
01,8-'1,7 


zoOz /o.93 / 


C/1 T 

j4. / 


/.0 / 




(6,27) 






O H 

03,6-'3,5 


O/C/1 1 /CO 1 CA 

z0410z. 1 JO 


1 1 1 
101.1 


A OO 

0.00 




(6,27) 






03,5-/3,4 


z04103.zl9 


101. 1 


A OO 

0.00 




(11) 






01,7-/l,6 


0/;oai 0010 
zOoUlz.ziy 


j0.3 


/.0 / 


T t 13/~io 

P-H2 ts 


1 1 

7.1 


A AO 

0.02 




-50,3-^0,2 


aaatt tin 

99077.867 


A C 

9.5 


O AA 

3.00 




(14) 






40,4-J0,3 


132089.922 


1 C A 

15.9 


/I AA 

4.00 




(1,27) 






A 1 

42,3-J2,2 


1 OHO O 1 HA/; 

13 /3ol.90o 


00. / 


T AA 

3.00 




(17) 






4-2,2-J2,l 


1321 23.062 


00. / 


O AA 

3.00 




(12) 






J0,5" 4 0,4 


1 £CAAA A/CI 

165090. 062 


23.0 


C AA 

5.00 




(12) 






C A 

32,4-42,3 


1 £LC 1 1 C /C/11 

loM 1 5.641 


/o.o 


A OA 

4.20 




*7 1 

7.1 


a «a(ll) 

0.53 v ' 




32,3-42,2 


165166.531 


76.6 


A OA 

4.20 




n -7(14) 


0.18 


0.86±0.12 


6o,6"5o,5 


198075.344 


33.3 


6.00 










62,5-52,4 


198129.422 


86.1 


5.33 










62,4-52,3 


198218.469 


86.1 


5.33 




(28) 






7o,7"6o,6 


231042.781 


44.4 


7.00 




(29) 






72,6-62,5 


231138.109 


97.2 


6.43 




(12) 






72,5-62,4 


231280.531 


97.2 


6.43 




6.5 


0.09 




8o,8-7o,7 


263989.437 


57.0 


8.00 




7.0 


0.15 




82,7-72,6 


264140.875 


109.9 


7.50 




7.5 


0.19 




82,6-72,5 


264354.406 


109.9 


7.50 


HDCS 


7.2 


0.03 




3l,3"2l,2 


91171.039 


17.7 


2.67 




9.3 


0.03 




3o,3-2o,2 


92981.592 


8.9 


3.00 




9.0 


0.02 


0.12+0.05 


3i,2-2i,i 


94828.495 


18.1 


2.67 




9.1 


0.25 (16) 




5l,5-4l,4 


151927.558 


30.9 


4.80 




8.1 


0.22 


1.4+0.2 


5o,5-4o,4 


154885.030 


22.3 


5.00 




8.3 


0.15 




52,4-42,3 


154978.123 


58.2 


4.20 










53,3-43,2 


154995.479 


103.1 


3.20 










53,2-43,1 


154995.858 


103.1 


3.20 




7.6 


0.08 


a n ti 1 a ac 

0.66+0.05 


52,3-42,2 


155096.966 


58.3 


4.20 




o.2 


A 1 O 

0. 12 




C A 

5l,4-4l,3 


1 COAOO AO/; 

15o022.0o6 


1 1 H 

31. / 


A OA 
4.50 










7l,7-6i,6 


212648.337 


49.8 


6.86 




5.6 W 


0.48 




7o,7"6o,6 


216662.428 


41.6 


7.00 










72,6-62,5 


216931.367 


77.6 


6.43 




, n -H 1/11 

10.2 (U4) 


0.22 




73,5-63,4 


217003.261 


122.5 


5.71 




13.3 (5) 






73,4-63,3 


217005.536 


122.5 


5.71 










72,5-62,4 


217263.690 


77.6 


6.43 




8.6 


0.19 


1.58+0.11 


7 1,6-6 1,5 


221177.077 


41.5 


6.86 




8.7 


0.39 




8l,8-7l,7 


242991.143 


61.5 


7.87 




7.0 (15) 


0.29 


1.4+0.3 


8o,8-7o,7 


247488.469 


53.5 


8.00 




6.9 


0.17 




85,4-75,3 


247887.785 


277.8 


4.88 










85,3-75,2 


247887.785 


277.8 


4.88 




I.I 


a 01 (16) 




02,7-/2,6 


Z4/oy4.4Z/ 


CO < 


H <A 




(1) 






84,5-74,4 


247946.853 


197.1 


6.00 




(1) 






84,4-74,3 


247946.868 


197.1 


6.00 




7.6 


0.20 




83,6-73,5 


248010.224 


134.4 


6.88 




8.1 


0.15 




83,5-73,4 


248014.773 


134.4 


6.88 




(10) 






82,6-72,5 


248392.331 


89.5 


7.50 




8.4 


o!40< 14 > 




8l,7"7l,6 


252735.000 


63.6 


7.87 
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Table B.3. continued. 





T* 

1 A 


J I A aV 


1 1 til 1 > 1 1 1U1 1 


Rpst 


F 

'-'up 




V LSR l Km s ) 




^XV Jvlll a J 


J K,K' 


iicuuciioy ^ivinz,^ 






Q 


90 




9l,9"8l,g 


/ JJiU. Ill 


74 6 


8 8Q 
o . oy 


(11) 






^0,9-00,8 


97896/t 807 


66 Q 
OD.7 


Q on 


6 6 


14 

V./ . it 




96,4-863 


978797 261 


389 5 


5 00 


(5) 






"6,3 "6,2 


9787Q7 961 
z / o / y 1 .zo i 


^8Q S 
Joy .J 


J.UU 


(8) 






Q 8 

5*2,8-02,7 


Z / oo40.040 


1 MO Q 


8 

O.JO 


(11) 






"5,5 °5,4 


978870 647 


291.1 


6.22 


(11) 






95,4-85,3 


278870.647 


291.1 


6.22 


7.2 


0.34 




94,6-84,5 


278940.873 


210.5 


7.22 


7.3< 5) 






943-84,4 


278940.909 


210.5 


7.22 


6.8< 32 > 


0.35 




93,7-83,6 


279019.418 


147.8 


8.00 


8.2 


0.52 




93,6-83,5 


279027.753 


147.8 


8.00 


8.2 


0.14 




92,7-82,6 


279556.774 


103.0 


8.56 
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Note. -Observed transitions of H2CS and H2CS isotopologues in the frequency range of the Orion KL survey. Column 1 
indicates the isotopologue or the vibrational state, Col. 2 gives the observed (centroid) radial velocities, Col. 3 the peak line 
temperature, Col. 4 the integrated line intensity, Col. 5 the quantum numbers, Col. 6 the assumed rest frequencies, Col. 7 the energy 
of the upper level, and Col. 8 the line strength. 

(1) : blended with CH 3 OCOH 

(2) : blended with (CH 3 ) 2 CO 

(3) : blended with CH 3 OD 

(4) : blended with p-H 2 CS 

(5) : blended with the last one 

(6) : blended with S0 2 

(7) : blended with CH 3 CN y 8 =l 

(8) : blended with CH 3 CH 2 CN in the plane torsion 

(9) : blended with o-H 2 CS 

(10) : blended with CH 3 OCH 3 

(11) : blended with CH 3 CH 2 CN 

(12) : blended with CH 3 OH 

(13) : blended with SO 

(14) : blended with U line 

(15) : blended with CH 3 CH 2 CN out of plane torsion 

(16) : blended with CH 2 CHCN 

(17) : blended with 34 S0 2 

(18) : blended with H 2 CO 

(19) : blended with SH 2 

(20) : blended with H 2 13 C ls O 

(21) : blended with CH 3 CH 2 13 CN 

(22) : blended with 34 S n O 

(23) : blended with HCC 13 CN v 7 =l + 

(24) : blended with HCOOH 

(25) : blended with CH 3 CHO 

(26) : blended with 33 S0 2 

(27) : blended withOC 33 S 

(28) : blended with OCS 

(29) : blended with o-H 2 13 CS 

(30) : blended with g-CH 3 CH 2 OH 

(31) : blended with 13 CH 3 CH 2 CN 

(32) : blended with CH 3 CH 2 C 15 N 
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Table B.4. H2CS and its isotopologues velocity components. 



Species/ 


Narrow component 




Transition 


Visit (km s ') 


Av (km s ') 


t;(k> 


o-H 2 CS3 12 -2 n 


7.97±0.08 


4.7+0.2 


1.90 


o-H 2 CS 4 M -3 U 


7.74+0.13 


5.9+0.4 


2.71 


o-H 2 CS 5 W -4 M 


7.25+0.14 


5.2+0.4 


4.55 


o-H 2 CS 5 M -4i, 3 


7.27±0.07 


4.7+0.2 


3.45 


o-H 2 CS 6i j 5-5i i 4 


7.02±0.11 


5.5+0.2 


4.61 


o-H 2 CS 7u-6ii 6 


7.31±0.05 


4.4+0.2 


3.09 


o-H 2 CS 8i,g-7i, 7 


7.43±0.03 


4.25+0.12 


3.53 


o-H 2 CS 85,4-75,3 








and 85 3-7 5 2 


6.70±0.10 


3.9+0.4 


0.29 


o-H 2 CS 8i)7-7i, 6 


7.36+0.04 


3.79+0.14 


4.47 


P-H2CS 3o3 - 2o2 


8.34+0.03 


4.90+0.07 


1.11 


p-H 2 CS 3 2 ',i-2 2 ; 


7.5+0.5 


5+1 


0.25 


p-H 2 CS 4 2>2 -3 2 ,i 


7.34+0.05 


5.54+0.08 


0.58 


p-H 2 CS 5 ,5-4o,4 


7.65+0.03 


3.66+0.09 


1.89 


p-H 2 CS 6 ,6 -5 ,5 


7.26+0.11 


5.8+0.3 


1.64 


p-H 2 CS 7 ,7-6o,6 


7.38+0.04 


3.52+0.13 


3.10 


p-H 2 CS 74,4-64,3 








and 7 43 -64 2 


7.6+0.6 


8+1 


1.17 


p-H 2 CS 7 2 ; 6 -6 2 , 5 


7.02+0.03 


4.10+0.09 


2.11 


p-H 2 CS 7 2 ,5-6 2 , 4 


7.27+0.05 


3.6+0.2 


1.55 


p-H 2 CS 80,8 -7oj 


7.67+0.09 


5.13+0.03 


2.07 


p-H 2 CS 84,5-74,4 








and 8 4 , 4 -7 4 3 


6.7+0.2 


8.6+0.6 


0.38 


p-H 2 L5 B 2 ,7-/ 2 ,6 


7.62+0.07 


3.9+0.2 


0.95 


1 1 r^Q n 7 

p-H 2 LS o 2 ,6-/ 2 ,5 


7.48+0.08 


3.1+0.3 


n h 1 

0.71 


o-H 2 C M S 3i, 2 -2 u 


7.6+0.4 


6+1 


0.06 


o-H 2 C J4 S 4 I 3 -3i, 2 


8.9+0.5 


6+1 


0.18 


„ 1 1 *~<34 c c 
O-M2L. O Oi 5-J14 


9.0+0.2 


2.9+0.5 


n in 

0.1U 


o-H 2 C 34 S 8i,8-7i,7 


9.38+0.08 


2.1+0.2 


0.23 


o-H 2 C 34 S 8i, 7 -7i,6 


9.1+0.4 


10+1 


0.23 


p-H 2 C M S 6 ,6-5o,5 


7.6+0.9 


16+3 


0.12 


T T 1 1 ^ 

o-H 2 "CS 3i,3-2 1|2 


9.3+0.2 


4.2+0.5 


0.04 


o-H 2 13 CS 5i,5-4i, 4 


8.1+0.4 


7+2 


0.16 


o-H 2 13 CS 5!,4-4i, 3 


8.3+0.3 


10+1 


0.25 


o-H 2 13 CS 6 U -5 M 


8.4+0.2 


6.6+0.4 


0.18 


HDCS3 12 -2 M 


8+1 


5+2 


0.02 


HDCS 5o! 5 -4 ,4 


8.7+0.4 


7+1 


0.19 


HDCS 5 2 ,3-4 2>2 


8.4+0.3 


7.6+0.6 


0.08 


HDCS 7,, 6 -6i,5 


7.5+0.3 


8.7+0.8 


0.17 



Note.-v LS/; , Av, and T* A of selected lines of H 2 CS and its isotopologues derived from one Gaussian fit. 
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Table B.5. CS observed line parameters 



Molecule 


Observed 


n 




Transition 


Rest 




Sy 




Vlsr (km s" 1 ) 


(K) 


(Kkms- 1 ) 


J 


frequency (MHz) 


(K) 




CS 


7.3 


14.0 


196±6 


2-1 


97980.953 


7.1 


2.00 




8.0 


26.0 


374+11 


3-2 


146969.026 


14.1 


3.00 




9.1 


25.1 


519+21 


5-4 


244935.556 


35.3 


5.00 


c 34 s 


7.3 


2.39 


18.1+0.7 


2-1 


96412.952 


6.9 


2.00 




8.2 


7.00 


59+3 


3-2 


144617.101 


13.9 


3.00 




7.4 


8.95 


110+5 


5-4 


241016.089 


34.7 


5.00 


c 33 s 


7.4 


0.58 


3.5+0.4 


2-1 


97171.991 


7.0 


2.00 




7.2 


2.43 


21+2 


3-2 


145755.623 


14.0 


3.00 




7.6 


3.43 


32+2 


5-4 


242913.430 


35.0 


5.00 


13 cs 


8.3 


1.26 


8.3+0.4 


2-1 


92494.270 


6.7 


2.00 




8.5 


3.34 


28+2 


3-2 


138739.263 


13.3 


3.00 




6.8 


4.96 


51+8 


5-4 


231220.685 


33.3 


5.00 




6.6 


5.64 


57+3 


6-5 


277455.401 


46.6 


6.00 


13 C 34 S 


7.4 


0.048 


0.46+0.04 


2-1 


90926.002 


6.5 


2.00 




7.3 


0.26 


2.1+0.2 


3-2 


136386.933 


13.1 


3.00 




6.5 


1.57<» 




5-4 


227300.518 


32.7 


5.00 




7.9 


0.91 


1.70+0.03 


6-5 


272751.516 


45.8 


6.00 


"C s 


8.2 


0.021 




2-1 


91685.264 


6.6 


2.00 




-0.4 


0.10 (2) 




3-2 


137525.791 


13.2 


3.00 




(3) 






5-4 


229198.427 


33.0 


5.00 




(4) 






6-5 


272751.516 


45.8 


6.00 


c 36 s 


9.5 


0.024 




2-1 


95016.677 


6.8 


2.00 




9.3 


0.17 ( 5) 




3-2 


142522.755 


13.7 


3.00 




(6) 






5-4 


237525.869 


34.2 


5.00 


CS v= 1 


1.4 


0.023 




2-1 


97271.021 


7.0 


2.00 




10.4 


0.12 




3-2 


145904.163 


14.0 


3.00 




6.9 


0.23 




5-4 


243160.971 


35.0 


5.00 



Note- Observed transitions of CS, CS vibrationally excited, and CS isotopologues in the frequency range of the Orion KL survey. Column 1 
indicates the isotopologue or the vibrational state, Col. 2 gives the observed (centroid) radial velocities, Col. 3 the peak line temperature, Col. 4 
the integrated line intensity, Col. 5 the quantum numbers, Col. 6 the assumed rest frequencies, Col. 7 the energy of the upper level, and Col. 8 the 
line strength. 

(1) : blended with CH 3 CH 2 CN in the plane torsion 

(2) : blended with U line 

(3) : blended with H 13 CCCN 

(4) : blended with CH 3 OCOH 

(5) : blended with CH 3 CH 2 13 CN 

(6) : blended with 34 S0 2 
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Table B.6. CS and CS isotopologues velocities 



Species 




Ridge 










Hot core 




v LStf k Km ^ J 


Z_iv (Kill ci ^ 


A W 






A W 


v L5fl IK™ S ; AV (KJT1 S ) L A (IS.) 


L-o Z-l 


Q £T_i_n A*7 

o.OJ+U.U/ 


^ *7_i_n 
J. / +U.Z 


i a i 


0. / +U. J 


9 1 £ 4_ 1 A 

ZJ.0+ 1 .u 


^ 1A 


( i *\ 

(1) 


L-o J-Z 


o.Uj±U. 1 J 


A S-i-0 A 
+.o±U.+ 


10. J 


7 A 4-0 A 
/ .U±U.+ 


97 1 A 
Z / . 3± 1 .+ 


Q Q1 


{L) 


CS 5-4 


9.02+0.12 


3.8+0.4 


8.11 


7.9+0.3 


30.1+0.8 


12.5 


4.4+0.5 10.4+1.1 7.6 


p34o 9 i(2) 


7 7^4-0 1 1 
/ . / j±U. 1 J 


7 ^4-0 ,1 


9 11 
Z. jj 












Q 1 0-1-0 OS 


T.ZiU.j 


^ 07 


O.oxU.^f 


1 8 l-i- 1 R 
lo.j±l.o 


1 rr 

1 .00 


K L J 




7 9Q-1-0 14 




J.VJ 


^ 1 4_0 9 
J. 1 ±u.z 


91 S-i-1 7 

Z1.J±1. / 


1 OR 
J.UO 




C 33 S2 _J(2) 


8.1+0.3 


6.6+0.8 


0.50 






... 


... 


p33c Q 9(2) 


7 5+0 4 


Q 6-1- 1 1 


9 09 










p33c c Ml) 


A QA-i-0 07 


J.O±U.Z 


9 17 

Z.J I 


«; O-i-O 1 

J.UlU.J 


90 9-1-1 1 


1 1 




13 CS 2-l <2) 


7.78±0.14 


6.4+0.4 


1.23 










13 CS 3-2 


7.97±0.07 


4.3+0.3 


2.67 


6.0+0.7 


20.7+2.5 


0.72 


(1) 


13 CS 5-4< 3 » 


7.1±0.2 


5.8±0.6 


3.82 


3.4±2.1 


20.6+6.5 


1.29 




13 CS 6-5< 3) 


7.06±0.09 


5.7+0.3 


3.82 


4.6+0.2 


15.6+0.8 


2.06 




13 C 34 S 2A (2) 


6.0±0.4 


9.2+0.8 


0.047 










13 C 34 S 3-2 (2 > 


7.5±0.3 


8.3+0.9 


0.24 










13 C 34 S 6-5 (4 » 


7.399±0.007 


3.40+0.13 


0.47 











Note.-v L s/i, Av, and T*^ of the CS and most abundant CS isotopologues lines shown in Fig. lA.8l (see text, Sect. l4.4t derived from Gaussian fits. 

^ At 3 mm and 2 mm, the hot core component is diluted with the other components in the line profile. 

<2 ' The parameters we present have been obtained by the Gaussian fit of the single line. 

<3 ' The parameters of the ridge and plateau components are affected by the hot core component. 

<4 ' Due to line overlap only the ridge component can be fitted. 
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Table B.7. CCS observed lines parameters 



Observed 


n 


Transition 


Rest 




s« 


Vlsk (km s" 1 ) 


(K) 




frequency (MHz) 


(K) 




7.9 


0.053 


67-56 


81505.211 


15.4 


6.97 


9.4 


0.061 


7 6 -6 5 


86181.413 


23.3 


5.84 


8.6 


0.043 


7 7 -6 6 


90686.386 


26.1 


6.86 


7.7 


0.042 


7 8 -6 v 


93870.101 


19.9 


7.97 


9.0 


0.040 


87 -7 6 


99866.510 


28.1 


6.87 


9.7 


0.055 


8 8 -7 7 


103640.754 


31.1 


7.87 


6.9 


0.063 


89-78 


106347.743 


25.0 


8.97 


8.2 


0.15 


9 8 -8 7 


113410.206 


33.6 


7.89 


7.6 


0.17 


10n-9io 


131551.974 


37.0 


11.0 


7.6 


0.11 


H10-IO9 


140180.751 


46.4 


9.92 


9.6 


0.15 


II11-IO10 


142501.703 


49.7 


10.9 


8.5 


0.25 (1) 


H12-IO11 


144244.837 


43.9 


12.0 


8.4 


0.10 


12n-llio 


153449.782 


53.8 


10.9 


7.8 


0.14 


12l2-Hll 


155454.496 


57.2 


11.9 


7.4 


0.58 (2) 


12l3-Hl2 


156981.666 


51.5 


13.0 


8.7 


0.21 


13i2-12„ 


166662.354 


61.8 


11.9 


7.6 


0.24 


13i 3 -12 12 


168406.791 


65.3 


12.9 


(3) 




13i4-12 13 


169753.461 


59.6 


14.0 


7.8 


0.40 <2) 


16l5-15i4 


206063.973 


89.5 


15.0 


5.9 


0.56 <3) 


16l6-15l5 


207260.275 


93.3 


15.9 


10.4 


0.50 (4) 


16n-15l6 


208215.906 


87.8 


17.0 


11.2 


0.16 


17 16 -16 1S 


219142.681 


100.1 


16.0 


8.5 


0.090 


17l 7 -16l7 


220210.164 


103.8 


16.9 


(2) 




17 18 -16i7 


221071.130 


98.4 


18.0 


(6) 




18n-17 16 


232201.872 


111.2 


17.0 


7.5 


0.30 <5) 


18i 8 -17n 


233159.349 


115.0 


17.9 


8.9 


0.17 


18l9-17l8 


233938.428 


109.6 


19.0 


7.1 


0.23 


19i 8 -18 17 


245244.868 


123.0 


18.0 


(7) 




19i9-18i 8 


246107.787 


126.8 


18.9 


6.7 


0.40 (2) 


19 20 -18i 9 


246815.623 


121.4 


20.0 


(h) 




20 19 -19 18 


258274.296 


135.4 


19.0 


7.9 


0.10 


20 20 -19 19 


259055.437 


139.3 


19.9 


10.7 


0.15 (6) 


20 2 i-19 20 


259700.952 


133.9 


21.0 


14.0 


0.14< 7 > 


2l90~20l9 


271292.251 


148.4 


20.0 


a) 




2I21-2O20 


272002.258 


152.3 


21.0 


8.4 


0.13 


2I22-2O21 


272592.978 


147.0 


22.0 



Note- Observed transitions of CCS in the frequency range of the Orion KL survey. Column 1 gives the observed (centroid) radial velocities, Col. 
2 the peak line temperature, Col. 3 the quantum numbers, Col. 4 the assumed rest frequencies, Col. 5 the energy of the upper level, and Col. 6 the 
line strength. 

(1) : blended with CH 3 CH 2 13 CN 

(2) : blended with CH3OCOH 

(3) : blended with (CH 3 ) 2 CO 

(4) : blended with g + CH 3 CH 2 OH 

(5) : blended with CH 3 CH 2 CN in the plane torsion 

(6) : blended with gCH 3 CH 2 OH 

(7) : blended with CH 3 OCH 3 
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Table B.8. CCCS observed lines parameters 



Observed 


n 


Transition 


Rest 




s« 


Vlsk (km s" 1 ) 


(K) 


J 


frequency (MHz) 


(K) 




4.2 


0.021 


14-13 


80928.183 


29.1 


14.0 


2.1 


0.047 


15-14 


86708.378 


33.3 


15.0 


(1) 




16-15 


92488.491 


37.7 


16.0 


9.0 


0.12 


17-16 


98268.518 


42.4 


17.0 


(2) 




18-17 


104048.454 


47.4 


18.0 


(3) 




19-18 


109828.292 


52.7 


19.0 


7.7 


0.046 


20-19 


115608.029 


58.3 


20.0 


7.0 


0.060 


23-22 


132946.571 


76.6 


23.0 


4.4 


0.12 


24-23 


138725.845 


83.2 


24.0 


3.5 


0.11 


25-24 


144504.989 


90.2 


25.0 


9.2 


0.20 (4) 


26-25 


150283.999 


97.4 


26.0 


4.7 


0.073 


27-26 


156062.869 


104.9 


27.0 


(2) 




28-27 


161841.594 


112.6 


28.0 


4.9 


0.24 


29-28 


167620.168 


120.7 


29.0 


(2) 




30-29 


173398.586 


129.0 


30.0 


(5) 




35-34 


202288.148 


174.8 


35.0 


(2) 




36-35 


208065.518 


184.8 


36.0 


4.3 


0.15 


37-36 


213842.693 


195.0 


37.0 


3.5 


0.40 


38-37 


219619.670 


205.6 


38.0 


(6), (7) 




39-38 


225396.443 


216.4 


39.0 


6.6 


0.64 


40-39 


231173.006 


227.5 


40.0 


7.6 


0.89 


41-40 


236949.354 


238.8 


41.0 


(8) 




42-41 


242725.482 


250.5 


42.0 


5.9 


0.44 


43-42 


248501.384 


262.4 


43.0 


(9) 




44-43 


254277.056 


274.6 


44.0 


4.5 


0.49 


45-44 


260052.490 


287.1 


45.0 


(1) 




46-45 


265827.684 


299.9 


46.0 


4.7 


0.20 


47-46 


271602.630 


312.9 


47.0 


(10) 




48-47 


277377.324 


326.2 


48.0 



Note- Observed transitions of CCS in the frequency range of the Orion KL survey. Column 1 gives the observed (centroid) radial velocities, Col. 
2 the peak line temperature, Col. 3 the quantum numbers, Col. 4 the assumed rest frequencies, Col. 5 the energy of the upper level, and Col. 6 the 
line strength. 

(1) : blended with CH 3 OCOH 

(2) : blended with CH 3 CH 2 CN 

(3) : blended with 33 S0 2 

(4) : blended with c-C 3 H 2 

(5) : blended with CH 3 CN 

(6) : blended with g + CH 3 CH 2 OH 

(7) : blended with 13 CH 3 OH 

(8) : blended with CH 3 CH 2 CN out of plane torsion 

(9) : blended with S0 2 

(10) : blended with t-CH 3 CH 2 OH 
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Table B.9. Isotopologue ratios 



Ratio 


Extended ridge 


Compact ridge 


Plateau 


Hot core 


Solar isotopic abundance 1 


OCS / OC 34 S 


20±8 


>4 


15+5 


>5 


32 S/ 34 S - 22.5 


OCS/OC 33 S 


40±22 


>33 


75+29 


>50 


32 S/ 33 S - 127 


ocs/o 13 cs 


33+12 


>7 


25+9 


>15 


12 C/ 13 C - 90 


OCS / 18 OCS 


200±112 


>42 


250+135 


>150 


16 0/ 18 - 499 


o 13 cs/o' 3 c 34 s 


>6 


>6 


^2 


^14 


32 S/ 34 S - 22.5 


oc 34 s / o' 3 c 34 s 


^10 


^14 


^2 


>42 


12 C/ 13 C = 90 


(JCS / (JLS 


>4U0 


— t 

>150 


— Ten 
Z 1 50 


a /50 


V/ V - Z6Z3 


OCS / oc 36 s 


>400 


>100 


>375 


>500 


32 S/ 36 S - 4747 


O 1 CS / oc 34 s 


0.6+0.2 


0.6+0.2 


0.6+0.2 


0.33+0.13 


("C/^Qxf^S/^S) - 0.25 


o 1J cs / oc s 


1.2±0.7 


4+2 


3+2 


3+2 


( u C/ 12 C)x( JZ S/ 3J S) - 1.4 


CS / 15 OCS 


6+3 


6+3 


10+6 


10+6 


( iJ C/ 12 C)x( 10 O/ 18 O) - 5.5 


OC 33 S / OC 34 S 


0.5+0.3 


0.1+0.2 


0.20+0.11 


0.1+0.2 


33 S/ 34 S =a 0.2 


18 OCS / OC 34 S 


0.10+0.06 


0.10+0.06 


0.16+0.03 


0.03+0.02 


( ls O/ 16 0)x( 32 S/ 34 S) - 0.05 


OCS / oc s 


0.20+0.10 


0.6+0.5 


0.8+0.2 


0.3+0.2 


( ls O/ 0)x( J -S/ S) - 0.25 


o-H 2 CS / o-H 2 C 14 S 


20+7 


25+10 


35+13 


14+6 


Ji S/ j4 S - 22.5 


p-H 2 CS / p-H 2 c s 


21+8 


25+8 


38+14 


17+7 


S/ S - 22.5 


o-H 2 CS / o-H 2 13 CS 


40+16 


50+20 


47+18 


20+8 


l2 C/ 13 C - 90 


p-H 2 CS /p-H 2 13 CS 


43+16 


50+18 


46+17 


20+9 


12 C/ 13 C - 90 


HDCS / (o-H 2 CS+p-H 2 CS) 


0.07+0.03 


0.040+0.012 


0.040+0.012 


0.050+0.02 


D/H = 3.4x10 


o-H 2 C 34 S / o-H 2 l3 CS 


2.0+0.8 


2.0+0.7 


1.3+0.5 


1.4+0.5 


( 34 S/ 32 S)x( 12 /C 13 C) =! 4 


p-H 2 C 34 S/p-H 2 13 CS 


2.0+0.8 


2.0+0.8 


1.2+0.4 


1.2+0.4 


( 34 S/ 32 S)x( 12 /C 13 C) - 4 


(o-H 2 C 34 S+p-H 2 C 34 S)/ HDCS 


0.7+0.2 


1.0+0.3 


0.7+0.2 


1.3+0.4 


( 34 S/ 32 S)xH/D a 2x 10 -6 


tO-rl 2 L,o+p-rl 2 L-o^/ rllJL-o 


U.J4+U. 1Z 


U.j+U.Z 


U. J+U.Z 


1 r\-\-f\ 3 
t.U+U.j 


L-/ L.^Xrl/iJ — J.oXlU 


1J CS / 1J C 34 S 




>6 




>15 


Ji S/ 34 S =! 22.5 


C 34 S / 13 C 34 S 




>16 




>18 


12 C/ 13 C =! 490 


13 cs / 13 c 33 s 




>21 




>30 


32 S/ 33 S =! 127 


c 33 s/ l3 C 33 S 




>14 




>20 


12 C/ 13 C =! 90 


13 cs/c 34 s 


0.7+0.2 


0.37+0.14 


0.6+0.2 


0.9+0.3 


( 13 C/ l2 C)x( 32 S/ 34 S) =! 0.25 


13 cs/c 33 s 


4.0+1.3 


1.5+0.7 


1.2+0.4 


1.5+0.5 


( 13 C/ 12 C)x( 33 S/ 34 S) =! 1.4 


c 33 s/c 34 s 


0.17+0.03 


0.25+0.10 


0.5+0.2 


0.6+0.2 


33 S/ 34 S = 0.2 



Note.-Isotopologue ratios fo r the OCS, H 2 CS, and CS species obtained with the column density results of the Tables[5][6] and[8] 
1 lAnders & Grevessd dl989h 

Table B.10. Molecular abundances 



Region 


Species 


X (This work) 


X 5 


X" 






(xl0~ 8 ) 


(xl0~ 8 ) 


(xl0~ 8 ) 


Extended 


OCS 


11.7 


<0.3 




ridge 1 


HCS + 


0.005 


0.02 






H 2 CS 


2.7 


0.11 






CS 


3.7 


1.1 


2.1 




CCS 


0.01 






Compact 


OCS 


5.5 


3.0 




ridge 2 


HCS + 


0.04 


0.0013 






H 2 CS 


0.7 


0.12 


0.65 




CS 


3.6 


1.0 


4.0 




CCS 


0.0035 






Plateau 3 


OCS 


3.9 


1.4 






HCS + 


0.017 


0.004 






H 2 CS 


0.3 


0.08 






CS 


0.7 


0.4 


1.2 




CCS 


0.0007 






Hot 


OCS 


5.2 


1.1 


1.7 


core 4 


HCS + 


0.005 


0.0013 






H 2 CS 


0.1 


0.08 






CS 


2.0 


0.6 


0.29 




CCS 


0.005 








CCCS 


0.002 







Note.-Derived molecular abundances and comparation with other works. 

1 Assu ming jV(H 2 )=7.5xl 22 cnT 2 2 Assuming tV(H 2 )= 7.5x 10 22 cm 4 . 3 Assuming jV(H 2 )=2.1x10 23 cm~ 2 . 4 Assuming Af(H 2 )=4.2xl0 23 cm~ 2 . 
5 From lSutton et 2l\\ ({99S). 6 From lPersson et alj j200% . 



